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The primary metallurgical problem connected with g.uns, armor,
projectiles, and many other ordnance parts is the design of steels and
heat treatments that will produce the optimum combination of mechanical
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quires that they have the maximum toughness consistent with the desired
hardness. It is now possible to establish a design procedure that will
insure the optimum combination of mechanical properties for these parts.
However, many of the data and principles for performing the actual design
have not beon established. In this report the known information is re-
viewcd and assembled, and the deficiencies in the knowledge are pointed
out. From this assembled information scientifically Pound metallurgical
design principles are established. An exr'mple utilizing these principles
is also oresented.
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INTRODUCT I ON

During the many thousands of years that metals have been used to
supply the needs and comforts of man, he has based his choice of metal for
each use upon past experience with the article to be made. Prehlstoric man
made crude weapons as his father did. Man oven now chooses metals by trial
and error and by exporienco. Many applicatione require a choice between
different metals, while for others a choice between varieties of a single
typo of metal must be made.

Steel is frequently chosen for many metal parts on the basis of
cost, strength, strengtb-weight ratio, and versatility. All applications
of steel, however, do not require the same combinations of properties.
Frequently strength alone is needed; in other cases, strength combined
with machinability is required. For many steel parts the optimum combi-
nation of strength, life, and toughness is desired while high-temperrtture
and corrosion-resistant properties are not needed. Such parts form the
largest field of application for so-called "medium alloy steels".

F.eoearch carried on in the last few years has so far advanced
the science of ferrous physical motallurgy that the selection of steels
for this type of part can be made on a basis broader than that of exper-
ience and by methods other than tria.l-and-error. Sound technical princi-
ples have boon, and are being, developed th.t permit a rational metallur-
gical design of steels for parts to have the optimum combination of mech-
anical properties. One of the principles which has been established and
upon which a design method can be based is theat the ordinary mechanical
properties of steels - its tensile and yield strengths, elongption, re-
duction of area, fatigue properties, and energy absorption in notched-bar
impact tests - are determined primarily by the microstructure of the steel.
(This is true also of those more fundamentel variables, the flow and frac-
ture stresses under vprious conditions of temperature, rate of loading,
combined stress, eýnd deformation.) Composition affects these properties

significantly only insofar as it affects the microstructure. The micro-
"structure is determined by the carbon content and by the phase transform-
ations which the steel iu-dergoes during heat-treatment (either intentional
or incidert to'casting and working), and to some extent, during deforma-
tion. Th,. vwr{oua alloying elements have little effect upon the nature
of the trunsformations, but they do influence the temperRtures at which

-the transformF4ions take place, and. mr.rkedly affect the speed of the trans-
formations.

Thus, in order to obtain desired mechaniqRl properties, it is
necessary only to produce in the steel a definite mi-costrueture. To pro-
duce this microstructure, a carbon and alloy content must be chosen that
will permit the necessary transformations with the selected heat treat-
ment. The heat treatment must consist of lheating, holding, and cooling
cycles that will permit these transformations to take place with the se-
lected composition. In the selection of both heat treatment and composi-
tion, freedom• from v~a'ious .etallurgical and process difficulties, as well
as cost and availability of me.terials and equjpmec.t, must be considered.
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It has become rather widely recognized that the optimum combina-
"tions of strength, life, and toughness can be obtained with steels Mv5n•
a microstructure of tempered martensite, The following chapters deal with
the fundamentals and procedures of the metallurgical design necessary for
obtaining this microstructuro throughout stool parts of uniform composi-
tion. There arc, in principle, throe branches of such designt design of
the shape and mochanical properties, design of the composition, end design
of the hon.t-trorttmont, Thr.t the design problem consists of throe inter-
related p.rts is not nlar.ys recognized. All too often, the sha.eo Pnd moch-
anicn.1 properties a.rc designed solely on the ba.sis of the functions of the
finished part (with no considora.tion of motallurgy), the composition is
picked from a handbook or stock list, while the choice of heat-treatmont
is loft wholly to the foreman of the hort-troatmont shop involved in pro-
duction of the piece, Such procedures have undoubtedly been successful
in many cases, but in others they have caused unnecessrry grief and ex-
pense. -ven metallurgists havo boon inclinod to consider design of shape
and properties, design of composition, and design of hert-treetment as
three soparrate problems to be handled in that order, rather than a sin-
gle problem with throe interrelated parts. If there is to be an order,
it would seem that it must be: design of shape and properties, design of
heat-treatment, design of composition. The heat-treatment (at least the
quenching) is determined primarily by what can be done to the piece with-
out cracking or excessive distortion, while the composition is determined
by the requirement that the specified properties must be produced in the
specified shape with the selected heat-treatment. Howieyvr, many details
of the hoat-treatment are affected by the composition, while both heat-

. treatment and composition affect the extent to which unequal section thick-
ness and re-entrant angles can be permitted in the shepe. Shape and pro-
perties, heat-treatment, and composition must be designed, in principle,

simultaneously. This may not be altogether practical, but it is necessary
when tundertaking one of these brr.nchcs of metallurgical design at least
to keep in mind the other two. fven if, as seems best, shape and proper-
tiosý hont-troetment, and composition are designed in that order, it will
frequently be necessary, when considering the composition, to modify the
hoat-treatment, while after considering hecat-treatment rnd composition,
it may be necessary to modify the shape and properties. No one of those
branches of the design can be completed until the other two arc nlso com-
plotod.

Before mctallurgicn.1 design for tempered martensito can be un-
dertakea, it is necessary to understand how tempered nartensite is formed.
To obtain in a steel this structure, it is necessary first to obtain the
structure martensite, and then to temper it. Martonsite is obtained by
heating stool above a critical temperature range and holding for a suit-
able time, so that the structure austonite forms, aond than quenching to
a ter.•orature low enough to transform the a ustcnito to mstrtcnsito, a.nd
rapidly enough to prevent the formation of other structiircs. The purpose
of the austenitizing emd quonching operations, which togethor may be re-
ferred to as "hnrdoning", is sirnly to produce rmrtcnste. MXartonsito is
tempered by heating below the criticrl temporraturo range, but ordinarily
above room tomperatu+•rc, and holding for a suita~ble time, so that the mar-
tcnsito transforms to what is best termed simply "tempered martonsito",
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then cooling to room temperature. The pirpose of the tempering operation
is to produce the desired mechanical properties, together with freedom
from internal stresses. The hardening and tempering operations thus con-
sist of a series of temperature-time cycles which succossively produce
aiestnito, transform the austonite to martonsito and not to any other
structure, and transform the martonsito to the desired tempered structure.

Three types of basic knowledge arc, therefore, involved in mot-
allurgical design for tempered martonsito. Ono concerns the transform-
ations that occur in stools of various compositions when subjoctol to var-
ious temporaturo-tinc cycles, and is a problem in kinetics of reactions.
Another deals with the methods of producing desired tcmperaturc-timc cy-
cles in stool parts of various shapes, and is a problem in heat flow. And
thirdly, an understanding of the mechanical behavior of stool is required
for intelligent interpretation of the behavior of the finished part, as
well as intelligent testing of the stool in tho various stages of process-
ing,

The three subjects, transformations, heat flow, And mechunical
behavior, include the fields of knowledge upon which metallurgical design
of heat-treated parts must be based and which are prerequisite to the on-
ginecring information for design. The first part of this volume discusses
those fundamentcls. Next, engineering principles cnd data are presentett
which the metallurgist can use in designing the combinrtion of hoet-trent-
mont and composition that will produce optimum properties in a part. Sop-
arate chapterb are devoted to the subjccts of mechanical proportios, quonch-
ing, hardonability, quench-cracking, and tomporkbility.

In the first of those chapters, the significpnco of the strength,
ductility, hardness, impact, fatigue, and creep properties is discussed on
tho basis of the more fundamental characteristics of the mechanical behavior,
the flow and fracture strengths. The relations of these properties to the
microstructure are brought out, as well as in certain cases, the effect
upon them of temperature, rate of deformation, and combined stresses. The
tests used to measure those properties arc also described.

Tho chapter on quenching covers the chnractcristics of the var-
ious practical quenching media and the size relations among the various
shapes having equivalent minimum cooling conditions. Those relations are
derived from the principles discussed in the earlier chrpter on heat flow,
and are very useful in metallurgical design. The chapter on hnrdonpbility
discusses the effects of alloying elements upon the pcarlito and bainito
transformations, which must be avoided during continuous cooling in order
to form martensite. Methods of estimating the hardenability of steel from
chemical composition are discussed and the deficiencies in the presently
available methods are pointed out.

As alloying elements are added to stool to increase its harden-
ability, or carbon is added to increase its strength, the tendency toward
quench-cracking increases. Frequently, therefore, the design of the heat-
treatment-composition combinntion must be adjustcd to minimize this diffi-
culty. In some cases, the part it so prone to cracking that changes must
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be made in its shape. A separate chapter is devoted to a discusslon of
"the methods of minimizing quench-cracking. Adjustments of the heat-treat-
ment are considered, and the consequently necessary changes in composition
are discussed. General principles for choosing compositions to minimize
quench-cracking while maintaining adequate hardenability are also presented.

A quenched stool part must almost always be tempered to reduce
the quenching stresses. Tempering also permits closer control of the final
strength of the stool, and allows sebsequont hot fabrication, such as wold..
ing or straightening, without softening the part. Tempering must be done
at a temperature sufficiently high to accomplish the purpose but not so
high as to destroy the martensitic structure. The tempering cycle must be
such as to minimise temper brittleness. In choosing a composition, there-
fore, the response of the steels to tempering must be considered, and a
chapter is devoted to this subject.

Based fun4amenta:.ly upon the principles of transformation, heat
flow, and mechanical behavior outlined in the early chapters, and immediate-
ly upon the engineering data and principles next presented, a method is fi-
nally developed for the metallurgical design of parts to have a tempered-
martensitic structure. Briefly, this method involves first the tentative
choice of a quenching procedure suitable for the shape to be heat-treated.
Next, the hardenability required to harden the piece with the tentative
quenching procedure is estimated, and, if desired, is checked. The crx-
bon content is selected tentativoly as well as percentages of the various
alloying elements that give promise of meeting the estimated requirements
for both pearlitic and brinitic hardenability, together with, if desired,
minimum tendency toward quench-cracking and retained austenite difficul-
tics. After a suitable austonitizing procedure has boon found, the esti-
mate of the hnrdeon.bility obtained with the tentative composition may be
checked. Sample parts are then heat-treatod and tested for ha.rdoning And
for freedom from such motallurgiua1 difficulties as tempor brittleness.
If incomplete hardening or other trouble occurs, changes have to be made
in the composition, the heat-treatment, or the shape of the piece, and
some of the steps of the design must be repeated. Finally, when the dif-
ficultioes are ironed out, service tests can be made and process control
procedures established.

Many of the fundamental metallurgical principles needed for de-
sign have not yet boon developed, as will become apparent particularly
after study of the chapters devoted to transformations, heat flow, and
mechanical behavior. Many of the quantitative data required in the ap-
plication of the known principles are not yet available. Motallurgical
design is still in its infancy. In the following chapters, an attempt
has boon made to present and organize the currently known principles and
data that are pertinent to the problem of metallurgical design of stool
parts for optimum mechanical properties, in order to permit intelligent
design and to point out those problems that require further study.
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I. PHASE 2WASIOMATIONS IN~ ST~n

To produce -. tcrnperod-martonsitio structure, it is neocssry o
heat-.treat stoo]l so tha~t ccrtctin transf ormat ions do0 occur and. certrin others
do not. To dosi-;n the hcnt-trc7%tmont, it is neccossery to have a thorough
kziowlodgQ of tho possible transformations, a~nd of the conditions under
which they take place. A discussion of this subject logica~lly begins
with a study of tho directionr, toward which the trrnsf orma~tions procoed,
tWho so-ca~lled "equilibrium~ states". This topic lies in thc fiold of thcr-
modynrunics. When the equilibrium conditions are( understood, it is ~o[ssi-
ble to considnr thc rates Pand the moch~rmisms of the tra.-nsforr-Wtins: ton-
ice in the field of reaction kinetics.

Equilibrium Conditions

Iron-Carbon Alloys

The iror,-carbon nscdagrnm (Yigurc 1) is probably the most
conveniernt strirting poi~nt for a. discussion of thc trnnsf ormrt ions of steol.
It is noessaryT to ,LndcrstarA.v the :neanir.- and .limitntions of thi-s 0-ieran~,
rAt lopast of thait nortion of it involved in "aprdenirng Pnd tempering. Th is
portion consists of four composition-temperatilre regions, separated by
three boundanry lineos. Below the A, line the diagram indica~tes thnat the
equilibrium ýmore oxnctly, quaai-equilibriuzn*) phnases erar forritc nnd comn-
ontite. Botween the Al Pand. the A linos thc cquailibriumn phrases Fire ferrite
and -ustcnitc**. Tho I line n~e~e tho nmoun' of ca-rb-on thr.t rustenito
contains whilQ in oquillbin wtfrre. Tifrite has the carbon
contunt indicratod by the 11,ho separating tho fiold. of ferrite from thpat
of' P.ustenitc' plus forrite-. The Acm lin.e denotes the limit of solubility
of carbon in nustenito in ýýuilibriumn with coementiteý. AbovC tho 4 3 and

*Acturll1y, the ordinoxy diagrrun, e~s giver. ir, Fif,7rc 1, deals with a
motrtstablo or qwnsi-equilibrium, rpathcr than na sta~ble equilibrium.
The sta-ble equilibriium ditaCrnm would show Fraphito rather tha~n cemon--
titeý, throughout much of the diagratm, !and. the extent of austenito
ýiold. would be t-rc-atly reduced(2). However, both ir ordina~ry steels
a~nd In iron-ca~rbon nlloys of correspondint: caýrbon contcnt, comen-tito
oi'dinenrily occurG r,,,tqr thpan Egraphite, a-nd its decomposItion into
the letter durin,' hardenin- -.nd tempering is ,,oncrnilly so slow that
I~t can bc ncelected. The p~ha-sca of the mutastable cc::nontitc diagran.
will, for simplicity, ,,enerrlly be rofoxrrcd. to as equilibriumn phases
in the-,L remaiinder of this volune, with. tho ~uderstrndtnj- thAt strictly
t'hey may be qurnsi-oquilibriuwi.

**P~crrite Is a. phase having the lattice structiire of body-centered-cubic
ýron. Austonito is ia. pha~se ha.ving7 the lrttice structure of fa~ce-con-
torod-ciibic iron. Cmoentito Is ai pnhse, hrvin,- the orthorhorobic la~t-
tico structure of iron ca-rbife. A disougsion of these structures cann
be foune. in% the recent book "Structure of MetrAs"(3).



Acm lines (and, over most of the carbon range, up to temperatures where
melting begins) the equilibrium phase is austenite.

No farther information (except a little concerning the relative
quantities of each phase in equilibrium in the t¶'o-phaso rogion.) can be
obtained from the pertinent portion of the iron-carbon diagram. Tho dia-
gram says nothing ab,"ut the phases that will exist after ayr real hoaý-
treatment, but merely doscribes the phases that would bo approached if
ar. iron-carbon alloy of rny comnosition were held at constant temperaturo
and a.tmosphoric pressurc for a aufficiently long time. Thus, coesider •n
iron-carbon alloy containing .40 per cent carbon and originnlly consist-
ing of forrite and austenitc, hold at .a temperature of 19000 F. (9S 0 ° C.)
end atmosphcric pressure. The point correspondinig to .40 per cent car-
bon, IgO10 F. and atmospheric pressure is in the diagram field marked
"austonrtc". The diagrrm, therefore, tells us that the stool will tend
to consist of austenite alone; the nmount of austenite will not diecrease,
and given sufficient time, it will increase, so that eventually the steel
will be entirely austenitic. Wfhether a thousandth of a second or a thou-
sand centuries will be rcquired to produce An appreciable increase in the
amotunt of austenitc, the diagram does not say. Moreover, the diagrpm
staotcs nothing about bhe course of the reaction; whether or not, for cx-
amplo, ferrite that tends to dceompo~o to austenito will first transform
to some intermediate phase and the latter in turn transform to austenite.
Nor does it give any information as to the shape, size, or distribution
of phases, or as to their crystallographic orientation and habits. As
drawn, the diagram does not apply if the pressure is other than one at-
mosphere, but the modifications produced by pressure changes are negli-
gible unlosp thc pressure changes are very great. Further, the diagran
is for iron-carbon alloys, not for stools, even tlain carbon steels, as
steels contain ranny clements besides iron and carbon.

Effect of Additional Elements

IWhen steel-rmakin elements (such as manganese and silicon) or al-
loying elements arc added to an iron-carbon alloy, the general features of
the equilibriu. diagram persist up to :;ather large percentages of these ad-
ditional elements. However, the positions of the boundary lines arc shift-.
cd; nickel and mpjiganeso, for example, move the A3 line to the left. An.-
other effect of the addition of elements is tc resolvc the boundary lines
betwocn two-phase regions into flolds containing three or more phases.

Thus, wh=n nickel or manganese is added, the A1 line resolves into a re-
gion in which ferritc, cemontitc, and austonitc arc all in equilibrium.
(A phase dingram illustrating this throe-phase region and the chanlges of
the iron-carbon diagram offoctod by the addition of manganeso is given as
Figuro 2,) Purthermore, there are difforcncos in the significance of the
di.gram when additional elomonts arr added; the iron-carbon binary diagram
becomes a section (at constant percentage of the other elements) of a mul-
ti-constituent diagramn, which thermodynamically is by no means the same
thing. This alterntion nood not coincern us hero, but one point to be re-
membered is that now phnscs razi be introduced which do not occur in the
binary system. If, say, 4% chromium or i-1/2v molybdenum is added to an
iron-carbon alloy, new carbide phases, rich in these elements, mny appear
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in addition to ceoacntito, and cause significa-nt chan. es in the dliagram.
For ~amle, the Acr, line* maqr be moved to the left (upward) so that aus-

tenite without carbides will be the equilibrium phase only at very h!g
temperatures, if at all. The compositions of the ferrite, austenitr, and
coemntitc -ohases will also bc altorcd. by alloying elements.

The effects of each of the additional" elements ipoon the iron-
carbon diagram- have rot "been- fully investigated. ox-oerimentftlly, though-a
modor,%to amoun~t of d~ata is availablo(5-S). Practicrally no experimen~tal
work has been done for alloys that contain two or more olemeants other thaný)
ir-on and carxbon. Portunately, by applying the principles of thormodynnmics,
it has been, possible to fill in -.-any of the gaps and to extend the knowl-
edge* to Multi-com-poncnit systcm7s(2, 9). 3y combining exporimenta~l and theo-
ret-icr-l results, it is fouLnd. that the solubility of ca-rbo,.n in nauctonitc in
equili-briuma with ferrite is decreased. (A 3 shifted. to the loft) by such olo-
ments -is nitrogcnmngns, nickel, zinc, and coppor (in or.Eor of decrea-s-
ing effect). Chromium and cobalt have little effect, while the bounda-ry is
site to- theriht, as shown schematically in Figure 3, by tungsten, noly-

bdcmir:, silicon, vanadium, tin, riluminum, berylllium, phosphorus, and tita,
nium (in order of increasing effect on a. weight pecr cent ba~sis). The shift
is appro~ximately proportionAl to the per cent of element added, and when
several elements P-re poresent, their effects in changing the Carbon content
of austenite in eauilibriwn with ferrite ar e~al gobraic ally ad~ditive(2).

TZ.e effects of the vp.rious elements or, tho solifoility of carbon
in austenito in cquilibrium with cementite (Ac line) are somewha~t more
complicated. Sraldl amounts of manzganese, silicon, chrorium, copper, moly-

M. bdcnum., a~nd titanium- (in order of increasing effect), a~nd of tungsten -Lnd
vaaiumove the Acm line unifo.-Mly to the left. T~his decrea~se in sol-

ufbilityV of carbon continiies for high percentages of silicon, manganese,
and copper, which have little tendency to form complex or alloy cprbides.
(P?--7= 14..) Nickel, for which no data exist, Lndou.btodly atcts sImilanrly.

Thc other elements, which do 1ha~ve greater tendency thanx iron to
form. carbides, introduce new ca~rbide phases. When the amount. of one of
these so-called *carbide-forming" elements becomeos sufficiently high, the
pha~se in cquilibri\= with auctenitc irmnodiately to the right of the aus-
tenite region becomes, at low tem-perntures, one of these other carbides
instead. of ccmcn.,tito. tinder those conditions, austonite in equilibrium
with the a-lley carbides contains less cp-rbon than nustonito in cci~ilibriun
vi th. ccmcn-tite-. The austonito region will thus loe restricted at low tomn.
pcratxircs to low carbon contents. At h-i~hr temperatures, the limiting
pha-se will still be cemcentito and. theL hiC carbton boiundary of the austen-
ite will not be shifted so far to the left. (F'igure 4.) As the amount of
chlromium, tu~ngsten, moclybdenum, vanadi~um, or tiaimincrea~ses, the bound-

*rTho term "Acr" is used, for sim-pliciti , to meanr "the hi,7jh-ca-rbon
bo-ondary, below the nolting tempora~ture, of t'he region in which auas-
tcnite is the equilibrium, phaseo", oven thouj-gh the phase appearing
irmmedirately beyond this lboudnday Is not cementite but some other
carb ideo



&zy between austenite and austeni~te-plus-cementite Is restricted to very
high temperatures only and eventually disapp•ara leaving in its place a
bounaxry between auatenite and austenite plus the alloy-carbido phase.
This boundt4vy will occur mt very low carbon contento nt low tomyorn.tures
and at higher carbon contents nt highor tornporn•uros. .The i~nlafcnce of
tompornture on tho bounl.ry will bo &Tontor than when comontito limits
the austenite ragion. The entire boundary, however, will lie nt lower
carbon contents than for Iron-carbon alloys.

The effects of several elements, present simultre l upon
the Acm boundary will superimpose, though they will not add linoftrly;
quantitative descriptions of such cpeses, based on thormodynnmic 6onaid-
orr.tions, havo boon worked out(2).

Little informntion is avnilnblo conoernllng the effects of nl-
loying oloemonts on the Al line. As Montioned n.bovc, in the presence of
elements othor thw.n iron nnd cr.rbon, this line resolves into P. three-
phr.so region, ',,hose upper rand lower boundf-rics nrc not necossnrilv horl.-.
zontrl. (Pignre 2.) One point on the uplper boundnry of this throo-.phasc
region is fixed by the intersection of thc A linc with the Acm line.
The intersection mr.y be termed the "eutectoiý point"; tho tcmncrnturc
rnud crrbon content rt which it falls nro cnllod the "eutectoid teM)era-
ture" and the "eutectoid carbon content"*. Elements such as tungsten,
molybdenum, vanadium, titaniz.m, and probably chromium, move the A5 line
to the right (or have little effect upon it) whilo moving the Acm to the
left. Thoy thus raise the outoctoid tomporaturo and hence raise part, at
least, of the upper boundary of the throe-phaso rogion. The meager data
available indicate that for such elements the lower boundary also it raised
slightly. In the case of menganese, which moves Al to the left, both upper
and lower boundaries of the three phase region ero'lowcrcd, the shift being
greater tho lower the carbon contont(4). Since littlc theoretical work has
'oen done on the A, line, it is not possible to generalize those results.

ForM!a on of Austenito

To harden stool, austedite must first 'be obtained. Since prior
to tho hardoning rporation the btructuro, rotiulting from a provious treat-
ment, ordinarily consists of forrito and carbido, the first reAction in-
volvod, in hardening is the transformation of ferrite and carbide to aus-
tonitc When a mixture of forrite and carbido is heated into the tempor-
Poturo rnnge whore wuatonite is the st~ble phase, the forrite t.nd ckrbidc
react Pt their interface to form nuclei of austouito, which grow, absorb-
ing the forrite r.nd the carbido(9-11). The process of nuclention and
gtowth continues until the equilibrium percentages of the phases are pro-
sen~t.

_Wtocle FI avnr lover crrbon contents t~han the CuotA -r -ro
"hypocutoctoid" anid stools hnving higher carrbon contents, Ohyporou-
toctoid".

' , • 1 , , ,• • •'',•- • , '.. . .S .'., ,,1," "•'



The nucleation and growth take time, and proceed more rapidly
"at high temperatureo(lQ). The relations between time and temperature for
austenitizing have not yet been established, but indicatiovs are that. the
reaction is speeded up tenfold by an increase of 50 to 100 F.*, The for-
rite transforms to austenito more rapidly than the carbidos dissolve, so
that in a outoctoid stool undissolved carbides may remain when the forrito
has disappoarod(l0, 14-16). Alloy carbides are particularly slow to dis-
solve, and may persist even in hypoeutectoid steels long after the ferrite
has transformed. High austenitizing temperatures are, therefcre, necos-
sary to obtain complete austonitization within a reasonable time in stools
containing modorato or high percentages of the carbido-forming elements.
(The most cormaon of such elements are chromium, molybdenum, tungsten, van-
adium, and titanium.) Those olomonts, as explained above, tend to shift
the Acm line towards lower carbon contents and the A towards highor car-
bon contents, thus rcstricting to high tomporntures Uho rr.ngc in w-hich nus-
tcnito cr.n exist without forrito or c".rbidos under oquilibriumx conditions.
Those elements also slow the transformation of forrito and carbide to P.us-
tonite. This rotnrdr~tion is proswuinbly connectcd with their effoct in
slowing the diffusion nocessrxy for the trnnsformration, but little qu.n-
titativo infori-ation exists. Largo porcontages of carbido-forming ole-
mente** a.ppenr to slow the transfornation to such ran extont that it is not
completed within tiLns prp.cticr.l for hoat treatment unless the toepeornturo
is high. It has been reported. that deoxidizing additions of aluminum also
decrease the rate of the au3tenitizing ronction(i0). Whether or not this
is simply caused by the alloying effect of r(- sidual aluninum h-1s not boon
investigated.

The tiro necessary for rustonitizing dcpends to sonc extent upon
the prior structure. In gonoral, the coarsor the d.istribution of cnrbidc
and ferrite, the longer is the time nocossrry for -o.,7loto nustonitization.
ror a given stool rnd austonitizing tomporaturo, a fine poarlite (fine al-
tornrto lamellno of forrite and carbidc) or a rartcnsito (which tempors
during hoetin& to fine carbidoa distributed rathor uniformly and finely
in a natrix of forrito) will transform completely to a.ustcnitc soorer than
a coarse por.rlito with priartry ferrite (coarse P.lternrto lpmollno of for-
rite and carbide v'ith regions of ferrite only) or a coarse sphoroidizod

structure (coarse carbi&E_ spheroids spaced far apart in aý matrix of for-
rito)(i0, 14, 17). The austonitic grain size of the prior structuro does
not soon to havo any effect upon the tino required for -tustonitizing(lo).

Sogroo'ti n

Even whcn the stool hrs wholly tr ±sfornicd to austenite (plus
nonx.mtallic inclusions), concontrrtion gradients may persist. Four tirpos

*Calcu•nltcd for Pbouý71650O 0. free O•,tr of Roberts and Hohl(12) nnd

of Willirns(13).
**The percQntago corictdored "lirgc" will dopone on the oloment. To Cive

a rough idea, 2.001% chromiun, 1.O0% t.ngston, .50% molybdenun, .25%
vanadium, or .15% titaniuýi might be considcrod A "lr.rge" amount.
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of segregation mayv be distinguished on the basis of their scale:

''jw1.. Segregation resulting from concentration differences between
carbide lamellae and. neighboring~ fox-rite lamellao, or botween carbide. Ophe-
roid. and the neighboring ferrito matrix. (If several typos of carbide
are present, there may be concentration differences between them.) The
spacing of the scgrczgation in this case is of the order of lo7to io-3
inch.

2. Seg-rcgation resulting from concentration difforences between
prior con'stituenits, such as primary ferrito or primary cementite on oeri
hand and poarlito, bainito, or martonsito on the other. The opacing, of'
such sogrcgatos is of thc ardor of the prior austc~nitic grain size, ordi-
narily 1O-ý to 10-2 in-ch.

3. flcndritic segregation arising during Roli~ificration of the
stool. The spacing is of tho order of about 10- 2 to 10 inch.

4. La~rge-scale scgreýgrtion, a~lso arising during solidification
of the steel, such as that from thc surface to the ccntor of Pa cr~sti~ng or
from the top to the bottom of rn in,-.ot. The scrnlc is of tho ordcr of size
of the casting or ingot, 100 to 10f~ inch .

Theos concentra~tion differences pcorsint tc P certain degree whon
the steel hns transformcd to rusteni.Lo, i'nc time is reqxxiroO. to pormit the
diffusion nocosonry to eliminate them. The rrt.j of their climinration or

-. reduction increascs rra-id.ly with the temperpture In the ssm:ý w:'f rs do the
1kA diffusion cocfficicnts; the rocinorocn~l of tho ra~tc vcrrcs exponentiall1y

as the recip~rocal of th? a~brolute tempraorture. Since the diffunion cocf-
ficiont of cai-bon in much n,,eater thien thrat of the odrdinrry nlloorlng ele-
ments (except nitrogen, if nitro,-,on is consirlered a~n alJloying element)
carbon aegrcgf'tion tends to oqulize more quicklly than al.loy sc,-roýr~tion*.
utt1culrtions baeed uoon knowrlN C l) diffusion coofficients indica~te thnt
carbon so,-ro[,,-tion rcsultin,, from concontrrtion O'Afforonces beti~reen cnr-
bide la~meliro or spheroids rind the P.dj~cent ferrite should. disnpea~rr in
times of the order of a second or l,-,ss after Pur'tenitizition is complete.
Crarbon differonces from bouindary to center of prior raustenite g;rvins Pro

*A question might be asked as to the effect of alloyirng eloments upon
the diffusion of ca~rbon. The effect of nickel, inanan~nsc, a~nd moly-
bdenum unon the diffusion coefficient of c,,rbon in -ustcrito ha-s boon
investigarted rand found to be smr'1l(18, 19), a-nd it mi,-;ht bre concludcd
thrat the effect of the other atlloyin,- elements is atlso sma~ll. I t has
been suggested, on -the bnsis of studiis of the Iinprccnntion of stoel
with various olomonts(20-25), that thosc olomentq propel" or "attrrnct1

ca~rbon, so that sretinof these other elemenitR mij-ht cruse segre,-
ga~tion of cparbon to arisQ 0±' persist in nustoniito. '*hile thormodynr',-
mically such an effcct is possible, it would. be expected to be small,
and it appears tha~t none of the studies rmentlonod dealt with austonito
in the absence of other phases. Thtey arc, thcrefore, not applicoablo
to the case under consideration.
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smoothed out in times ranging from less than a second to several minutes,
depending on the austenitizing temperature and the austenitiO &rain a ze
of the grlor structure. (Austenitizing temperatures of 13300 1. (720 04)
to 1830 F. (10000 C.) are considered here.) Fine dendritic segregations
of carbon persist only a few seconds at high austenitising temperatures and
a few minutes at low, but, coarse dendritic segregates may last days at high
and weeks at low austonitizing temperatures*. Large-scale carbon segrega-
tion is not appreciably affected for days or years at ordinary austenitiz-
ing temperatures.

For alloying elements the rates of homogenization are much slower
and depend to a far greater extent upon temperature**. Alloy aegregation
associated with very fine lamellae or spheroids disappears in a fraction
of a second at any austenitizing temperature. Alloy negregates resulting
from very coarse lamellae or spheroids last a few minutes in low-carbon
steel at high austenitizing temperatures and perhaps weeks at low temper-
atures. In high-carbon steels (1.00% carbon or more) they can persist
for hours at high and yoars at low temperatures**.

Alloy segregates at the grain boundaries of very fine prior aus-
tenitic grains can be removed in some hours at a high austenitizing tem-
perature, while with coarse prior grains or a low temperature, weeks or
years will be required. Interdendritic and large-scale segregation of
alloying elements will persist for weeks or years at any normal austeni-
tizing temperature.

The presence of concentration gradients of carbon or alloying
elements causes differences in the temperature at which the austenite can
decompose. Further, their presence will, as discussed. later, cause the
decomposition of the austonite to occur at different rates in different
regions of the metal.

Austenitic Grain Size

When the austenite grains forming from ferrite and cnrbide have

*The high and low austenitizing temperatures mentioned here and in the
following paragraphs refer to the 13300 F. and 1830° F. in the preced-
ing sentence.

**The times given for alloying elements are based upon recent stadies of
the diffusion coefficients of manganese(26), nickel(27), and molybdenum
(28) in austenite. The coeffýicients Rre simila r for the three elements.

***The times for homogenization of concentration differences originating
as differences between carbide 1,amollae or spheroids and the adjacent
ferrite are greater in high-carbon than in low-carbori steels because
the thickness of the carbide lamellae or spheroids increases with the
carbon content for constant spacing, The spacing does not decrease
much with increasing carbon content for constant temperature of form-
ation or degree of tempering(29, 30).
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grown to such an extent that their boundaries touch, further growth of each

so grain is limited by the presence of neighboring austenite grains. After

jv • the austenite grains contact each other, some may grow at the expense of

their neighbors, absorbing them. The size of the grains then depends both

upon the initial size established when the austenite grains first touch,

and upon the extent to which they grow thereafter. From the data avail-

able(lO, 31), it appears that the initial grain size may either increase

or decrease as the rate of heating is increased, depending, presumably,

upon the particular steel, prior structure, and range of heating rate em-

ployed. It may be deduced that the effect of austenitizing temperature
upon the initial grain size is similarly indeterminate. (If the heating

is not very rapid, it is possible for the initial grain size to be esta-

blished before the steel reaches the selected austenitizing temperature.)
Prior structure can have some effect; it has been shown that fine lamelJer

structures result in a slightly finer initial austenitic grain size than

coarse lamellar structures(10) and it would appear that the same would be

true for fine and coarse spheroidal structures. The effect of composition

upon the initial grain size apparently has not been investigated, except

that suitable small additions of aluminum have been shown to decrease it(1O).

After the grains have contacted each other, they will ordinarily
grow at each other's expense, at least if the temperature is high enough.

The time-temperature relationships have not been fully investigated, but

it appears that a. considerp.ble change in time is required to produce an ef-

fect equivalent to P. small change in temperature. It is frequently stated

that come minimum temperature is required. with all steels for grain growth
to occur, but the evidence of this is hardly conclusive(32). The tempera-
ture at which grain growth occurs rapidly can be raised considerably by

suitable additions of aluminum. Recent experiments indicate that this ef-

fect is associated with the presence of aluminum nitride(33), presumably
in the form of fine (probably submicroscopic) inclusions. (Earlier in-
vestigators supposed that aluminum oxides prevented the growth.) The ef-
fect is found only if the vzount and time of the aluminum, addition is
suitably adjusted to the rest of the melting practice; this appears to
be P. matter of producing the proper type, size, and number of inclusions.
The retardation of austenite grain growth produced by the,;s aluminum (ni-
tride) inclusions is simply one expmple of the general phenomenon, not

very well understood, that the grain growth of a phase may be markedly re-
tarded by the presence of oven a very small amount of another phase, suit-
ably distributed(32). Another example is the retardation of austenite
grain growth in vanadium:-containing steels by undissolved vanadium car-

bide particles; rapid growth may occur when the temperature and time nxe
sufficient to dissolve these carbides(34). In general, little grain growth
occurs in steel containing undissolved ferrite or carbide. The effect of

alloying elements in retarding custenite grain growth(35) !an- be due sim-
ply to the undissolved carbides, which are more likely when alloying ele-
ments are present. 3esides aluminum end vanadium, titanium and zirconium
are sometimes added to steel for the purpooe of retarding grain growth(3 6 ).
The composition of the undissolved particles which they may be supposed
to form hes not been deterri.nod; oxlde(3 6 ), nitride(36), and carbide(34)
have been suggcsted.
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Coarsening in steels with growth-retarding additions has been
studied primarily in cases where the addition was aluminum. For these
steels, as the temperature is increased, no appreoiable coarsening ttkeO
place in an initially fine-grained austenite until a particular temper&&
ture (referred to as the "coarsening temperature") is reached. Above this
temperature a fgw of the grains grow markedly, while the others do not
grow significantly. As the temperature is further increased, more of the
grains grow abruptly, until all of the small grains are absorbed(32, 35,
36). On further heating, more gradual growth occurs, similar to that or-
dinarily found in steels to which no growth-retarding additions were made.
This behavior might indicate that at the coarsening temperature the alum-
inum nitride inclusions go into solution, removing the restriction to grain
growth, but there is no experimental evidence to support this hypothesis.

The term "grain size" when used in connection with steel has
come to mean the austenitic grain size. When the structure does not con-

1sit of contiguous austenite grains, "grain size" refers to the prior aus-
tenitic grain size; the austenitic grain size existing when the structure
did last consist of contiguous austonite grains. "GOain sizldoes not re-
fer to the size of the ferrite or carbide grains that maW exist in the
structure unier study. Grain size is most commonly measured by the A.S.T.M.
scale, which is expressed in terms of the average size of the intersections
of the grains with a plane, and not directly in terms of the size of the
three-dimensional grains. Tile A.S.T.M. grain size is defined by the equa-
tion,

a k 2 n-1

"'" where n is the grain size and a is the number of grains per square inch
as viewed at 100 diameters magnification. In practice, the grain size is
usually determined by comparison with standard charts or samples(37). When
some of the grains are very much larger than others (so-called "mixed grain
size"*, as may occur when some grains have grown considerably but have not
absorbed all the initial small grains), it is customary to rate the large
and the small grains separately, rather than to average them together.
Commercially, A.S.T.M. 4 and coarser sizes are considered "coarse". while
A.S.T.M. 5 and finer are donsidered "fine".

Methods for revealing the prior austenitic grain size at room
temperature have been established(37). Some of these methods involve car-
burizing or oxidizing the steel and are not as desirable as the others, be-
cause ch.nnes in carbon or oxygen content may affect the grain size. Aus-
tenitic grain size is not affected by the rate of cooling from the austen-
itizing temperature or by heat tren.tments at temperatures below the A,
range. The size established by a known austenitizing treatment may, there-
fore, be determined by methods which involve cooling from this treatment
at any re.te that produces a structure delineating the grAins. This rate

*The term "duplex grain" iq often used insteai of "mixed grain size".

-13-



may be different from that to be employed in obtaining the desired struc-
"ture. One general method of determining the grain size established in a

s,, steel by an austenitizing treatment is to cool after the treatment at such
a rate that one constituent (ferrite, carbide, pearlite) precipitates at
the grain boundaries while another forms at the centers of the grains, and
then examine the resulting structure under the microscope. Another metal-
lographic method involves the use of an etching reagent that develops con-
trast between the martensite formed from different austenite grains. This
is applicable to structures that consist of martonsite (with or without.re-
tained austenite) at room temperature and to austenite that can be con-
verted to such structures by quenching. A third method, applicable to
steel at high hardness levels, consists of fracturing a piece with little
deformation and comparing the appearance of the fractu•ued surface with a
set cf fracture standards. This method is probably not very reliable for
hypooutectoid steels. Details of the various methods can be found in the
literature( 37).

Steels in which austenitic grain growth is restrained are com-
monly referred to as "inherently fine-grained" steels. Steels for which
the rate of growth increases uniformly with temperature are referred to
as "inherently coarseegrained" steels. These terms, therefore, bear no
relation to the austenitic grain size actually existing in the steel,
whichmaybe coarse or fine, depending upon the treatment given, regard-
less of whether the steel is inherently conrse- or fine-greined. There
is some evidence that the coarsening characteristics do not depend solely
upon the composition and melting practice, but can be affected by high-
temperature treatments in the solid state(38).

Decoornosition of Austenite

Isothermal Decomiposi tion

If austenite is cooled below its range of stability, it will
eventually decompose. The manner, progress, end product of the decompo-
sition depend upon both temperature and time. Perhaps the simplest method
of studying the process is to consider the transformation of austenite
cooled very rapidly from within its stability range to some lower temper-
ature and then held at that temperature. This approach to the problem
has the advantage that, if the iiitinl cooling i rapid enough so that
no reaction takes place until the holding temperature is reached, the
process occurs essentially at a constant temperature (isothermally), and
its progress is not complicated by the effects of changes in temperature.

Figure 5 illustrates the times at which isothermal decomposition
begins and ends in a steel containingN a moderate peruentage of carbide-
forming elements. Figure 6 is a schematic diagram constructed by princi-
ples to be discussed later. There are two ranges of rapid isothermal de-
composition. The first of these ranges occurs at about 1150-12500 F.
(62o-6750 C,), and is associated with the decomposition of austenite into
lamellar pearlite and proeutectoid ferrite or cementite. The second, at

75 O- 9 50, F. (400-5005 C.), is related to the decomposition of austenite
into bainite.
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The third range indicated in Figure 5 is associated with the
Vmposition of austenite into martensite and is found only upon cool-

8 •m- g (not isothermally). The temperature of transformation of austenite
to martensite is greatly Influenced by composition, and varies from ap-
proximately 10000 r- (550 '.) to below room temperature.

Ti Steels not containing carbide-forming elements, such as plain-
carbon steels, only a single range of rapid isothermal decomposition haz
been generally reported (Figure 7). This failure to find separate pearlite
and bainits "noses', separated by a range of slow transformation, may be
due to the experimental difficulties involved in accurate isothermal work
at very short times, for continuous cooling measurements(41, 42) seem to
indicate that there are two noses in plain-carbon (low-manganese) steels.
Moreover, recent work(43, )4) shows that overlapping of the pearlite and
bainite reactions occurs so that there need not be a range of slow trans-
formation between the temperature ranges associated with each.

Pearlite and Proeutectoid Products

If homogeneous austenite is cooled to a temperature range where
austenite and ferrite or austenite and carbide are the equilibrium phases,
and held in this range, the ferrite or carbide precipitate. This process
takes place by nucleation and growth, and requires time. Nuclei appear
at the boundaries of the austenite grains, and growth takes place in such
a way that the procutectoid constitueont (ferrite or cementite) first ap-
pears a.s small patches along the grain bo'mdaries. Those patches grow
until a continuous layer is formed at the &ain boundaries, provided equi-

.,. librium considerations permit sufficient proeutectoid product to precipi-
tate. Further growth merely thickens the grain-boundary layer. Figure 9
includes photomicrographs showing grain boundary precipitates of ferrite
and of cementite. If, at the temperature of transformation, ferrite is
the equilibrium phase, the reaction will continue until all the austenite
has transformed; this occurs only when the carbon content is very small.
When, as is usual, the equilibrium state requires the presence of some
austenite, this austenite will remain untransformed at the center of the
grains. The equilibrium diagram indicates that, for a given steel, the
amount of the austenite which remains will be smaller the lower the tem-
perature.

Since the primary ferrite that forms is lower in carbon than ioý
the austenite, diffusion of carbon from ferrite to austenite takes place
during the austenite to ferrite reaction, and the carbon content of the
austenite increases as this repction proceeds. Since the primary carbide
that forms is higher in carbon than tho auctonite, diffusion of carbon
from austenite to carbide takes place during the austenite to cementite
reaction. The carbon content of the austenite decreases as this reaction
proceeds. Diffusion of alloying elements so as to approach the equili-
brium alloy compositions of the various phasos must also take place, but
whether the rate at which this occurs is comparable to the rate at which
the precipitation occurs, or much slower, has not been determined.

Isothermal precipitation of ferrite from austenite is accompanied
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by an expansion in volume. This expansion is of the order of one per cent,
but increases considerably with increasing carbon content of the austenite
and with decreasing temperature. Isothermal precipitation of cementite
from austenite is accompanied by a slight contraction.

In discussing the decomposition of austenite below the A tem-
perature, it is helpful to refer to the quasi-equilibrium diagram ior
iron-carbon alloys as presented in Figure 9. This diagram illustrates
the stability relations of austenite, ferrite, and cementite with respect
to each other, below, as well as above, the A1 temperature. The A3 and
Acm lines extended below A1 give the carbon content of the austeni e
that will be in equilibrium with ferrite, and of the austenite that will
be in equilibrium with cementite, if the austenite is supercooled below.,
the A1 temperature. The extensions of the A3 and A lines have as much
physical meaning as the phase boundaries thomselves(6). The signifi-
cance of the lines labelled "upper limit of bainite formation" and "up-
per limit of martensite formation" will be discussed later.

If austenite is cooled rapidly into a temperature range where
both ferrite and cementite are stable phases, and held in this range,
bot'i ferrite and cementite will eventually form. Let us consider now
o•kly that part of thir temperature region commonly referred to as the
"pearlite range", which is ordinarily above 10000 F. (5500 C.). The
first reaction to take place here may or may not be the primary forma-
tion of ferrite (in hypoeutectoid steels) or carbide (in hypereutectoid
steels). The likelihood of these reactions is greater the higher the
temperature and the further the composition deviates from that of the
outectoid. QuW.titatively, it appears that primary ferrite will form
if the te~mperatilre of holding is below the A3 line, but not below the
extended Acm line (1figure 9). For iron-carbon alloys, the diagrem indi-
cates that this will always be the case when the carbon content is below
.1,',% (If alloys are present that move the Acm line to the left, ferrite
may not form even with loss than .40% carbo%.) The primary precipitation
of ferrite will proceed, in the manner described above, until the carbon
content of the remaining austenite has increased to that indicated by the
extended Acm line. (Because of the diffusion gradients associated with
the precipitation of the primary constituent, the carbon content of the
austenite will not be uiIform and some regions will reach this concen-tration before others,) Similarly, primary formation of carbide will

take poace if the temporature of holding is below the Acm line but not
below the extended A7 J.ine(4O). For iron-carbon alloys, at least, the
diagram (Figure 9) i~1dicates thrt this need not occur below 12000 F.
(6500 C.). When it does occui-, prccinitrtion of carbide will proceed,
in the manner described above, until the carbon content of the remain-
ing austenite has decreased to thn.t Indicnted by the extended A3 line.

When the austenite is held nat a temperature below both the ex-
tended A3 and extended Acm lines or when sufficient primary precipitation
has taken place to bring it below thenm, simultaneous precipitation of for-
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rite and carbide takes nlace in the form known as pearlite*. This consti-
tuent consists of alternate plates or lamellae of ferrite and carbide, as
illustrated in Wigure g. It forms by a process of nucleation and growth,
the nucleation occurring at the austenitic grain boundariee( 4 5). The form-
ation of lamellae is associated with the necessityr for the diffusion of
carbon through the austenite from areas adjacent to newly-.formed ferrite
to areas adjacent to newly-formed carbide (Figure 10)(46). The distance
betweer, these areas is a minimum, if ferrite and carbide grow into the
austenite at the same speed as alternate plates growing edgewise. The
rate of growth, governed by the diffusion of carbon, is then a mazximum,
and' the lamellar habit, therefc-e, soon predominates over anry other habit
with which the reaction might begin.

The relationships governing the rate of growth of the pearlite
lamellae are ouch that this rate first increases and then decreases as
the temperature is lowered**. The rste of nucleation increases continu-
ously down to the lowest temperatures of the pep.rlite range. The effect
of these vn.ria'tions of the rates of growth ,nd nucleation with temperaý-
ture is that the pearlite reaction is slow a.t the highest temperatures
at which it oncurs, more rapid at lower temperatures, and slow, again p.t
still lower temporablrs3()4). Several studies of the kinetics of pearlite
formation, as governed by the rates of nucleation and growth, have been
made(12, 47-61). The temperature range at which the transformation is

most rapid, ofton called the "pearlite nose" of the isothermal transform-
ation diagram, is commonly between 1150 and 12500 F. (625 and 6750 C.).
The oeerlite tr nsformation does not cease to occur below 10000 F. (5500 C.),
but it is slow there and ordinprily transfornartion to bainite occurs before
the pearlite reaction can start.

The primary precipitetion of carbidc commonly occ'urs only Pt tem-
peratures above the pearlite nose, and proceeds more rapidly the lower the
temperituire. In a few chromiur.-besring steels prim•ry precipita-tion of
carbide occurs also at temperatures below tho pep.rl.i~e none ýin the form
of thin plates along certPin crystallopraphic planes rather tha-n as n.

t *It is possible for piiniary prý'cipitation of ferrite, carbide, or both
to continue to some cxtent in the reion mentioned. This mny perhaps
be what occurs in so-called "abnormal" steels(3()),

**The rate of pearlite growth varies directly as the rate of diffusion
of carbon through the austenite. This rate decreeses -a the diffusion
coefficient of carbon in austenite decreases -,nd as the difference be-
tween the carbon concentrations of austenite in equillbrium with fer-
rite and with carbide decrease. It increases with decrensing spacing

.of the lamellae. The reciprocal of the coefficient of diffusion, in
turn, varies exponentially a.s the reciprocal. of the rbsolute temper-
ature, so the diffusion coefficient decreases when the temperature do-
creases. The differenco betwoen the carbon concentrittionR is the dif-
ference between the extended A3 and Acm lines, and, fs Figure 9 indi-
cates, varies nenrly directly as the difference between the tempera-
ture of transformation and the Al temperature. The spracing of the
lamella, varles inversely as this tomperpture difforeAce, because of
surface and volume free energy conditions.
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"grain-boundary lawyer)(62, 63). In thig temperature range the precipitation
is slower the lower the temperature. However, the time for initiation of
carbide precipitation changes less with temperature than the time for ini-
tiation of the pearlite reaction.

The primary precipitation of ferrite may, in many steels, occur
both above and below the pearlite nose. Down to the pearlite nose, it is
more rapid the lower the temperature. Whether further decrease of tem-
perature, below the pearlite nose, delays or hastens the primary ferrite
reaction has not been nettled; possibly the effect may be different in
different stcels(39, 44).

"he transformation of austenite to pearlite is associated with
a char'ge in volume corresoonding to the chenges involved in precipitation
of ferrite and carbide from austenite. When the carbide is cementite,
its precipitation is accom-panied by little volume change. The expansion
associated with pearlite formation is then of the same order as for the
precipitation of ferrite from sustonite, and increases Ps the transform-
ation temperature is lo-ered.

If the steel is held 3ufficiently long at the trensformation
tmperature, the pearlite lenellao will tend to break up, forming carbide
spheroids* in P mrtrix of ferrite, The layers of proeutectoid ferrite or
carbide will also reshppe, thu structure tending towards carbide spheroids
iii a ferrite -atrix. These are simply examples of tempering phenomena,
which will be discussed later. A cape not often considered Ps an aspect
of tempering occurs when (cecomposition of austenite takes plv.ce at a tem-
perature above t"ie A1 range, so that one proeutectoid constituent forms
at the grain boundaries but the centers of the grains remain austenitic.
If the steel is hold sufficiently long at this temperatwre, the layers of
grain boundary ferrite or carbide will reshape into spheroids, In a mptrix
of austonite.

As the proeutectoid and pearlito reactions are nucleated primar-
ily at austenitic gra.in boundaries, they take place more quickly the greater
the grain boundary area per init vol.me; that is, the finer the austenitic
grain size(45, 64).

Alloying elements in the quantitices ordinarily used in heat-treat-
able steels do not chaeigo the mrnchanism of the proeutectoid and pearlite re-
action's. Hoewever, almost Pll the elements so far Investgepted appear- to re-
tard the rsactions. These elements inclule aluzinuin, antimony, arsenic,
berylliim, boron, carbon, copper, manatrese, molybdcnuin, nickel, phosphorus,
silicon, tin, tungsten, vanadium, and zirconium( 6 5-6s). Cobelt is an excep-
tion, hastening the reaction, ann one re)ort indicn.tes that germanium has

*It is often stated thnt snheridc of carbide may form directly from
homogeneous austonito. This type of decomposition is extremely un-
likely and maT only occur( •0) w.er± the vartenite from which they form
is not homogeneous.
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no effect*(68). There have been few systemati qantitative studies of
the effects of anyr of the elements. It has been established(69), however,
*-hat mollybdenum additions ofP less tha-n 1 per crtcndlyteaprn
start and end of the pearlite and ferrite reactions by a factor of 1000.
The effect of manganese is of the same order of magnitde whl hto
chromium is somewhat less and those of nickel, silicon, and copper still.
smaller(65, 68). Carbon in small percentages has a very great infl',.elace
upon the rate of these reactions, which oroceed very ra-pidly when the car-
bon content is very low. At high percentages (over, say, .4ý) the in.-
fluence of carbon is not so great, being less thani that of correspon-ding
amnouzats of chromium. Whern several elements are present, their retarding
effects upon the pearlite and proeutectoid reactions appear to reinforce
each other, so that the times required for the reactions t,- become cet-co-t
able and for the reaction to go to completion are greater than if an7-- one
of the elements were nresent -alone(65). Mýore quantitat-ive data for the
effects of the various elements, singly andý in combination, u-pon the tirmes
required for the pearlite and proeut-ectoicl reactions are available for con-
tinuous cooling than, for- isothermal conrditions. TI:e C&-ta for the case of
continuous cooling and their relation and applicat~ion to isothermal trans-
formation will be discusse6. later.

11hen the structure before transformation is not austenite but a
mixture of austenitae with other 'ohases (varbide, ferrite, sulfidle, etc.,),
the composition that P~rimarily determirnes the rate of renction is the com-
position of the austenite, rather. than the avý,erage cor-i-position of the steel.
Thus, suppose large quantities of molybdenolm, for examniple, are added to a
steel, and the austenitizing temperature and time are iThsufficiient to dis-.

Ssolvc the molybdenumi carbides. The austenite then contnins consid-'ralbly
less carbon (and only slightly more. tiolybdenurn) than the original 7i:0olyb-
d~enuin-free steel, provided the It-wo steels ar-e gý-veen th~e szine austenitizi~ng
treatment. If both steels are r-ni'aly cooled, following austenitizing, to
a temperature within the pearlite range and heldthere, the steel wit,-, moly-
bdenum will transform to pearlite more rapidly than the steel without moly-
bdienium, simply because its austenite is 017' lower carbon content,. Theu-C
dissolved particles of another phase may also act Pas nuclei or poin-.ts of
nucleation for the formation of rea"'it e or proeutectoid constituents, a-nd,
so further hasten their appearance. This effect is more pronouiniced at, high.
temperatures, where nucleation in the absence of undissolved constituents,
is slow, than at low temperatures, where nucleation is relativel.y rpdin
any case(l2). The nucleating effect of undissolved particles, Dart.icjual'-yv
at high temperatures, may change to somec extent the h;abits of t~he con~sti-
tuents(70).

*Some data are availablo which right ba misinterpreted as indicating
that columb.iwm(6g), sulphujr(b5,tluim 6), and tia iu.65',a
well as large amountc of vrxnadiwun(G5, 67), hnsten the reaction. How-
ever, it appears that thesc dzatp were not based ikcn nn origi.nal struc-
ture of austenite alone, but upon structures containing also uniiissolv-
ed. comrpounds of col~u.-iu, titni, or- vanardium with carbon (ind nos-
sibl.y with nitrogen) or of rrulphur or tellurium with manganqese.
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The persistence Of inhomogeneities in austernite, ever. after the

solution of other phases is compolete, has been di~scussed above. At At:3er-
atures high in the pearlite range such inho-mogeneities accelerate the ni.-
t 4 al appearance of pearlite. If the segregation is on a large or oept
scale, the regions low in alloying elements and. in carbon react quickly but
the regions high in alloying elements and. in. carbon mright be expected t~o re-
act slowly, increasing the time for completion of the transform-atoio-nCTI).
F'or segregations on a small scale, it is possible that some of the small
inhomogeneities speed. the formation of correspondingly small areas of -ear-l-
ite (or of ferrite or carbide) which in turn nucleate the transformation of
the rema~ind~er of the austenite. In this latter case the co~pletior,. of t -e
transformat-ion may not be delayed. That the second type of behavior z-ods
for carbon sugi-gatiLon, resU"aing from fine cementite spheroids is indica~ted
by some evidence that this t,-,e of segregation has greater effect =pon- thre
reaction at high temperatures than at low(12), just. as do undissolvedd c3r--

stituents.

Variations in austeiitizing treatment, then, have two primary ef-
fects upon subsequent transformation of the austuenite in th~e pearlite rpznge,
One arises through the variations of austenitic grain size, the other through
variations in solution of other phases in rustenite arnd in Ithe honoge-neitoy
of the austenite.

Beanite

If austenite is rapidlly cooled'to a tem-perati.=a below about 10000 P.
(5500 C.) but above the temperature at w~hich mr.,ntensite forms, Pand held.
there, it will eventually start to transform t~o beinite. Thi con -tituent
consists of ferrite and carbide, but there has beer, much confusion. as to
how these products form. It has even. been q7uesticn-ed(5l) whether the bair-
ite reaction proceeds by nucleation and growth, -but t-here appears to be s-af-
ficient evidence that it doesb

RHecent studies indicate that, in. the bainite reaction, the as
tenite first transforms to ferrite (suapersaturated) without diffusion of
carbon but by a change (diffusion) of the lattice positions of the i-ron
atpoms(%72, 73). It has been shown(4O) that- --:' i-ustonite of a given carbor,
content is cooled. sufficiently, it is unstable with repoect to ferrite off

thee~xe crbo coten. rh teoerature below which auste.-ite w'ill trans-
form to supersatarated. ferritte depends u=on allov' and. carbon content, in
about the same wyas the A3 "~no. (Figure 9.) "The ferrite t10hat forns
is *,n-stphl.ec and tends to decrease in carbon, content. The car~bon may dilf-
fu~se Into the adjacent austenite, or may s i~ dmfs tote ondre
Of the 1errite and there precipitate. The carbon at- low temp~eratures will
precipitate within th-e ferrite areats. "hu3, tho final oroduct of thle bain-
ite reaction is a mixture of ferrite and. carbide.

If the tkdji!ceut austenite becn~o, ,; ~e nriche'd !n carblon that it.
will no longer trannfor~n ýo ;-xerr-itirAte: forr~t~e, thc PiurteniltS can no
longor decomprose in this T&i'.(Fonr 1. on- car", on alloys the cnlciulttea.
composition of the --'XivAA' 17 i marked "-uP.Per li'it of brt11nite form-
ation"t in 71 r,,re 9.) s-xenenlts tuf the rtntecat vnreratture of



anstenite remaining after cesqation ot the bainite reaction indicate that
this austenite is in fact of hiMer carbon content than the original aus-
tei.ite(L4, 63, 7I4-19). Jurther isothermal transformation of thic austen-
ite can be only to some product other than bainite.

The lower the temperature, the loes likely ie diffusion of car-
bon into tne surroundine aistenite, and the higher must be the carbon coin-
tent cf the aostenite before the transformatiw. Ill cease. Thut, the lower
the temperaturv the greater io the extent of the transformation to bainite
and the less a'istenite will remain, unable to transform(43. 44!, 76-75).

The suptcraaturated ferrite appears to form in nlatoes, parallel to
certain cry'stallographic planes of the austenite (not ver:/ different from
the (iII) planes). .The carbides, nt least at high temperattures, seem to
precipitate in plates parallel to the ferrite platoe. These carbide plates
spheroidizo if hold at the temperature of formp~tion. At low temperattures
the carbides appear to precipitrte A small pnrtlcles iqjthin the forrite.
Photomicrograohs tllustrp.tirg typical bainite structures Are included in
Yi g'nre 11.

Isothurmal Ptudies indicntc that the rpte of the bninite rea'-
tioi is substantinlly ind-po.'.dent of grain size(43, 64), and this might
seem to indicetc that the reaction does not occur preferontially at grain
boundaries. However, microatructurn.l studies of pnrtially trPnsformed
steelo show more bainite near grain boundaries than near the centoro of
grains(69, 79). Thus, while most of the br.inite ma,- be nucleated within
the grains, there Is ,orc tendency towards preferential nucleation at the
bour.lAries.

The time neccsery for the bainite reaction to become dotectsble
increases with docrcasing temperature over most of the bainite r.ng' (Fig-
ures 5 and 6). Although, as mentionod kbove, the bainite reaction appmar-
ently will net occur above P certain temperature for each steel, there
seems to be no minimum temperature. If the tomperpture is low enouh for
'.artcnsite tc form, it does so firrt, but austenite not transformed to mar-

tensite ,.v transform isothcrmally to bainite. Formwtion of bainite, be-
cas.ee of the lower temperatures, is acco..opnied by an expacnsion iomcwhat
greater ýhan thrt nsuocinted with the forwitior. of pcArlitc.

Alloying elements in the quAntities ordinarily used in heat-trept-
able steols do not elter the mechanism of the bainite reaction. Their dif-
fusic.- coefficients it the temperatur¢e involvce. are so lo-, thp.t nplrocia-
ble diffasion of nlloyinr eleme:tr. during the biinitu trancformntior, seems
impossible. Nevertheless, alloying elementR harve rpprecinble effects upon
the rr.ve cf the trnnsform.tion, pres-rmnbly thro'th their offoct upon the
equilibrium relations anong th% vnr1i~ phascs co, 'cernod. Those elements
that shift the A3 bou.dary to lower carbon contents 7holild Also shift the
"uiper tomaerat)Lro of bair.Ate for,'ntien" (Figure 9) to the left, for the
same repasens. The bair.lte rcnctinm should then occur at lower temperatures
and herice at elswer rtce(1 40). 7ic elements that ect in this way have been
listed earlier. Thou4 there are some Inconsistencies, the results of this
rensoning re vert, iirly In accord with the measured effects of alloying
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elements. Of the elements studied, carbon w.%d m&npneee seem to have the
greatest e."ects, delaring the bainite reactioin In about tho same propor-
tion as they do the pearlite(39, 71). (Carbon may even have a slightlyr
greater effect upon the bainite than upon the pearlite trransformation.)
The effect of chromium is rot w61l known. It appears to be appreciable,
but not as great ae the effect chromium has upon the pearlite reactior.n(4 4).
Indications are that nickel(39) and probably cilicon(8O have small effects
on the bainite trarsformation, delaying it in about the same proportion as
they do the pearlite. Molybdenum(69), on the other hand, which has a very
great effect upon the rate of pearlite formation, has little if any effect
upon the i3othermal f3rmation of bainite, as illustrated in Figure 12.
Thus, as far as present rather fragmentary studies go, it appears that
non-carbide-forming elements delay the bainite reaction In about tli same
proportion as they dtlay the pearlite, while carbide-forming elements have
leez effect upon the bainite than upon the paarlite reaction.

As in the caso of the other types of decomposition to which aus-
tenite is esuject, it is primarily the composition of the austenite, rather
than the overall comoposiion of the steel, that determines the rate of trans-
formPation. The nature of the effects of undissolvod carbides and ferrite
and of segregation in the austenite are probabl- similar for the bainite
and the penrlite reactions.

Martensite

The martensito reaction, which tvkes place at temperatures lower
than the pearlite reaction and ordinarily lower than the bainite, cannot
well be considered isothermally because it is not a function of time as
are the poarlite and bainite transformptions. The start of the martensite
reaction seems to occur at a definite temperaturo for each composition of
austenite, and austenite apparently cannot be quenched wholly undecomposed
to any lower temperature regardless of the speed of quenching( 4 1, S]-86).
Details of the martensite reaction csn be pxofitnbly studied only on con--
tinuous cooling.

Reletions Vion&_ Sta•s

If a steel is permitted to transfrm isothormrlly at a temper-
ature at which first bainite and later poarlite forms, it is found that
pearlito apperrs earlier than the time-temperature plot for its appearance
at the higher temperatures (where no bainite forms) would lead one to ex-
pect(44, 63). Thus, balnite apparently nucleates tae treansformation of
the remaining austenitc to pearlite. The experiment described above has
beer. performed only for temperatures close to the upper limit of the bain-
ite range, where little bainite forms. At somewhat lower temperatures,
where more bainite forms, it is possible that the increase in carbon con-
tent of the remaining austenito is sufficient to delay the pearlite trans-
formation beyond the time at which it would be expected if no baixite were
present.

Consiaer next specimens cooled sufficiently so that there In some
transformation to martensite, and then held at this temperature so that the
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remainder will start to transform isothermally to bainite. It is found
that bainite appoa-e ewrlier than the time-temperature plot for its ap-
pearance at higher temperatures (where no martensite forms) would lead one
to exPect(87-89). Thus martensite apparently nucleates the transformation
of the remaining austenite to bainite. Effects of holding in the pearlite
and bainite ranges upon later transformation to martensite will be reviewed
after the nature of the martensite tresformation has been discussed.

A more general question arises when austenite is coole4 rapidly
to a temperature below the critical range and held there for such a time
that it either does not transform or transforms only in part, and nubse-
quently cooled rapidly to a lower temperature and hold there. The ques-
tion is, what is the quantitative effect of the holding at the first tem-
perature upon tho rate of transformation at the second temperature. Con-
sider first the case where at both temperatures the only product expected
is pearlite. Several investigators have suggested that the fraction of
the austenite transformed ..t each temperature is the important qcuvntity(90),
or if it is convenient to consider that a finite time is required for the
transformation to begin, the fraction of this time elnpsed(48, 59, 91-93).
(These two versions of the hypothesis are similar in concept Pnd more or
less complementary.) For excmple, according to the first version, if the
austenite is held 10 minutes at 12000 F., during which 1% of the austenite
transforms, and is subsequently quickly cooled to 11000 F., the reaction
will continue ,t 11000 just as if 1% of the austenite h•,d transformed at
11000. Thus, if a specimen quenched directly to 11000 F. from the anusten-
itizing temperature would require 5 minutes for 1% transformatioon and 7

, minutes for 2%, the spocimen transformed 1% P.t 120OO will only need 2 min-
utes at 11000 for 2% transformation. -According to the second version of
the hypothesis, if the austenite is held 1 miniuto at 12000 F., ,,!here the
reaction starts only after 5 minutes, and the austenite is then quickly
cooled to 11000 and kept there, it (an be considered that the austenite
has been held for 1/5 the time necessa.r,, for the reaction to begin. If
this time at 11000 is 3 minutes, then it can bo connidered that the aus-
tenite has been held 3/5 minute, and the transformation will begin in an
additional 2-2/5 minutes.

The second version of the hypothesis, denling with the time for
trivsformetion to begin, has beon verified experimentally for one steel(93).
The first version, dealing with fraction transformed, has been checked only
indirectly(90).

Although similar hypotheses have been advanced for the cases where,
at bcth sub.-critical temperatures, ferrite, cemontite or beinite(90) is the
first decomposition product to appear, there is as yet no experimental evi-
dence to support them. Neither has any information been published as to
the effect upon subsequent transformation to bninito of holding at p. tem-
perature where the first product to appear is pearlite, except in high
speed steels where some date.0() indicate that holding In the pearlite re-
gion accelerates bainite tranuformation.

When austenite is held Pt a temperature where the first decompo-
mition product to fppear is ferrite, subiequent transformation to balnite
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(at a lower temperature) is accelerated(79). It appears that traces of
1W. krrlte, formed (along the grain boundAries) at the higher temperature,

nucleate the formation of bainite. On the contrary, when austenite is
held at a temperature Khere the first decomposition product to appear is
comentite, subsequent transformation to bainite (at a lower temperature)
is retarded(79, 90,). Presumably cementite forms at those dislocations and
irregularities where bainite would otherwise tend to nucleate most readily.
By "using up" these d~econtinuities, cementite doelsys subsequent nucleation
of bainite. It may be noted that the times reported for the first appear-
ance of bainite, isothermally, are much greater in hyperoutectoid steels
than in hypoeutectoid steels of tne same alloy content. The difference is
considerably greater than would be expected for the increase in carbon con-
tent. This difference may be due to the influence upon the bainite reac-
tion of slight traces of comentite and ferrite, respectively. These traces
way form during the cooling from the austenitizing temperatures to the tem-
perature of isothermal transformation.

lDecomposition on Continuous Cooling

As mentionod earlier, the formation of martonsite occurs only
upon continuous cooling. Steels in which this structu~re is desired must,
therefore, undergo transformation during continuous cooling, and the pearl-
ite, bainite, and proeutectoid reactions must be avoided during this cool-
ing.

Proeutoctoid, Pearlite, and Bainite Reactions

It appears that transformation to proeutertoid ferrite and car-
bile, pearlite, and bainite d.u'ing continuous cooling can be considered as
isothermal transformation at a series of successively lower temperatures.
For these tr.-'.nrformations the steel can be considered to be held at each
temperature for a snort time and then cooled very rapidly to the next
lower temperature. (During the very rapid cooling, no transformation is
assumed to take place.) If the tcmperaturcs tire equally speced, the time
the steel is considered held Pt a temperature will be invcrsely propor-
tional to the actual cooling rate at that temperature. On the basis of
assumptions mentioned in the preceding pages, it is then possible to cal-
culate the decomposition± bohavior of auntonito during continuous cooling,
if its isothermal behavior iz known(59, 90-93, 95). Sch calculations have
been checiked. experi;mentally, in a quantitative fashion, for onlyr one cese,
that of pearlite formrntion in a plain-carbon ste~l containing 1.20% car-
bon(90). However, qualitatively, the decomposition on continuous cooling
that io calculated as suggested accords with that found exDerimentally.
Slow cooling rates mean, essentially, that the assumed time st each tem-
perature is long, while fast cooling rates mean that the time at each tem-
perature is short. An example of coi-reupoitding din.&rams for the beginning
of decompcition to pearlite, isoth.7.rmally and on continuous cooling, is
presented as Figure 13.

On this basis, if the cooling rate through the temperatures of
the pearlite and proeutectoid reactions is very slow relative to the time
required for these reactions, they will occur at high temperatures and will

" Iik



continue until all the auatenite has decomposed. If the cooling rate is
somewhat faster (relative to the time required for the pearlite and proeu-
tectoid reactione), the,, may still occur anid go to completion, but the re--
actions will take place at a lower temperature. The characteristics of the
produicts formed, such as the interlamellar spacing of the pearlite, will be
closely similar to those of products formed isothermally at the same temper-
ature. However, since the decomposition of the austenite takes time, it
doýes not, on continuous cooling, occur at one temoerature, but over a range,
and. the characteristics of the products will show a corresponding range.

Unless the cooling rate decreaseo greatly sa the temperature falle,
little pearlite cwill form, on continuous cooling, at temperatures much below
the pearlite nose. The times required for transformption at such tempera-
tures are relatively greet. As a consequence, anoreciable transformation
caLn occur at these temptrp.turer only with slow cooling. With slow cooling,
however, al). the austenite will gener'lly decompose Pt the nose teri-erature,
where the times required nre short, or before reaching the nose temperature.
(Figure 13.)

If the cooling rnte is sufficlentl- fast, the pearlite reaction
will not go to completion, rond some eustenite will rem.in down to teiner-
atures at which the bainite reactlon takes plpce. At a still fastor rate,
the pcar1.ito and proeutectcid reactions will not even start. In either of
these last two cases, if the cooling is not too fant relative to the time
required for the start of the bainite reaction, some of the e.,'.etenite will
transform to bainito. The characteristico of the bainite, Fgan, will be
similp.r to those of bpinite formed isothermally Pt the same temperature.

'' The bainite will form over a ranre of temperature, and will displIy a cor-
rasponding range of characteristics.

The bainite reaction may not go to comoletion, either becausc of
cr.rbon enrichment of tho austenite or because the cooling i2 fast rte!tive
to the time required for the compl.et!on of the binlite reaction. Austenite
remaining may subsequently transform, wholly or in part, to martenr3ite, os
the cooling contiAues.

Martensite

The transformation of austcnite to rartensito is different from
the other reactions by which austenite decoms.,oees in that it does not take
place by a process of nucleation ane. growth, and no diffusion is involved.
Rather, leth-like volumes ].,ing along certnin crystallographic planes, with-
in the aostenite grains, abruptly chlenge, by - shearing mechnniem(97-100),
from tho face-centered cubic austenite structure to the bodey-centered tetra-
gonal martensite structure. The clhamne in shape of these volumes during
the transformation sets up streseeF, on a microsconic scale, both in the
martensite and in the ndjecent u.trnnrformed. •oustenite. A photomicrograph
illustrating the ntlt-ltke Ftructure of the mnrtensite is included in Fig-
ure 17. (The "need~lerl' thQ're visible :,re the internections of the lAths
with the plane of polish.)

The mprtencit- reaction starts, on cooling, nt a temoerature that
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"appears to be independent of coolin.g rate(81-8 6 ). This temperature is
fixed by the thermodynamic equilibrium between face-centered and body-cen-
tered structures of the same composition, as modified by the energy in--
volved in setting up the stresses that zacdompany the transformation(UO).
In the same way that austenite is unstable with respect to unstrained fer-
rite of the same composition (bainite) at higher temperatures, it is un-
stable at low temperatures with respect to strained ferrite (martensite)
of the same composition. (The strains are introduced because of the shear-
Ing nature of the reaction, and occur both in the martensite and in the
surrounding austenite.) Thus a steel, cooled rapidly through the ranges
in which the austenite can decompose to ferrite and carbide or to unstressed
supersaturated ferrite, can at low temneratures transform to supersaturated
ferrite by means of a shearing transformation (not diffusion). ("Upper
limit of martensite formation", Figure 9.) The martonsite lattice in te-
tragcnal because the carbon stoms do not move during the transition and
occupy preferred interstitial positionE in the resulting lattice. This
tetragonality persists, as the totragonz)l lattice is stp'ble qt room tem-
perature with respect to supersaturted cubic ferrite having random dis-
tribution of carbon atoms, at least when the carbon is Abov.? .20 per cent((4O

It is generally believed th,,'t once partial trannformation has
occurred Pnd some stresses are sAt up, further transformation involves in-
crease in the stresses and hence in the energy asociated with them. For
sufficient energy to be liberated by the transformation to permit increase
of the strosses i and the consequent increase of stress energy, the temper-

OP ature must be lower than thnt at which transformation started. This stress-
1k energy requirement ma,7 be responsible for the outstanding characteristic of

the martensite reaction! that it does not tske place at constant tempor-
ature (except, perhaps, to a very limited extent), but only on cooling.

Much remains to be done in determining the effect of cooling rate
upon the progress of the martensite transformation, and even more in deter-
mining the factors that govern this offect. There are still some questions
vs to the M, temperature itself, for one investigator($7) has reT>orted that
very high cooling rates raise the Ma slightly. Hie results are hardly con-

-clusive, however. The claims(39, 101) that the Ms temperature is raised
as the cooling rate is decreased and that the martenrite roaction will com-
mence at conqtant temperp.ture appear to be based upon inferior experimental
technique or incorrect interpretation of experimental dsta, partlcultrly
failTue to consider tempering. The effects, discussed below, of holding
in the proeutectoid, pearlite, and bainite rpnges uoon the austenite, and
hence indirectly upon its subsequent transformation to msrtensite, elso
have to be remembered.

Although the MR temperature, itself, is indenendert of cooling
rr-tu., the amount of martensite formed per dogree of cooling below the M5
point ir greoter the higher thc cooling rstes(&, g7, 102). The time-tom-
pereture dingram for the for']-;etlon of mrtrensite is shown schematically
as Figure l1. An example of the vription with cooling rate of the Pn•ount
of martensite formed above room temperpture Is illustrated nq Figure 15.

, The ma.rtensite reaction thus differs from the pearlite and bainite reac-

-26-

7 . . . - - -~~- . *



'I, tiufl5, which occur to a lesser degree the hi~gher the cooling rate*. A re-.
ap* lated effect occurs whon austenito is cooled so that it partially transforms

to martensite, and is then held at constant temperature for some time. When
cooling is resumed the untransformed austenite does not start to transform
immediately, but only after a certain amount of cooling has taken. Place(74,
81, 88, 105, io6 , 107). Less of the remaining austenite transforms to mar-
tensite on further cooling, to a definite temperature, after the stabilizing
treatment then if the cooling is uninterriipted(7 6, 105-107). The longer the
stabilizing treatment(l05-107) and the higher Its temperature(76) (provided
significant tempering does not occur) the groater are these effects.

Several investigators(74+, 75, 81, 108) have re 'ported. that when
cooling is halted after austenite has partially transformed to marternsite,
the aust-enite.-martensite transformation continues Isothermally, for some
minutes and. to a slight extent, after the cooling has ceased. There is,
however, some uncertainty as to the exact time when cooling ceases, and

- - failure in some cvases to exclude possible tempering effects. Moreover,
the martansite may nucleate transformation of the rdjacent austenite to
bainite. Thi~s local bainite formnatton, occurring, considersbly ea~rlier
than the general formetion of bainite, may be confused with rnrrtensite
formnation. Yot much credance, therefore, can 'be given to the reports of
isothermal1 formation of martensito.

It is not known whether the mPartensr.ite renction goes to comple-
tion in P.1]. crases if the steel is cooled to P. sufficiently low temperature.

4 3 In some steels hnving a high PArtensite rnnge, it is gpnernlly believed
that the reaction does go to completion; for ot!.er steels, thnrt h.7ve marx-
tensite ratnges extending below room ternperrture, it P.orpears that the re-
action ceases to progress npprecisbl~', even when cooling is continued(91,
lo4, 105, 106). Thi- behPavior does not seem to hr've been investIgzat ed in
detail. It may be ths.t at low ten orotu-ros, the free energqr differences
between aoustenite and martensite does not increase rapid~ly enough with de-
crensing temperature to permit the reaction to proceed in the face of the
stress-enerrg,' opposing it. The reaction ceanses or -oei to completion grpd-
ually or asymptotically, so that it is difficult to determoine P. definite
temperaniure (I1Mf point") below which no reaction occurs, oven for -. cingle
composition of rustorito and a single cooling ra-tec. Since decrersing the
cooling retc, ipa--artly ciecrecives the temperat-ure for n. givnpr cent,
transformration, it would be expected thart it would dccrerso the te';iperature

*It is possible th-tt the effect of cooling rate upon the progrers of
the rnnrtensite reaction atrises from the rela-xation of relaxatlon cen-
ters(103) sat upýT by the deformation nccormpanyiiip, the reaction. This
same relaxp~tion is responsible for the elastic after-effect (Chapter
III). Relpxration, although it requires time, occurs rpather rapidly.
Thus, unlessi the cooling ra~te is ver,,- high (oi, thle temperatures very
low), approci,ýble relpxation is likely to occur dr.rirg cooling through
the martcnnite ranige. Relaxation of the centers increalses the stre!¶'s
upon the ad~jpcent materinl and r~o increases the -_T.,o=,t of cooling no-
ceseary for a fixedý amount of t.,e remainine. su'stenite to trsneform
to mertonsite.
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for 100% transformation. However, this effect may be obscured by the ap-
bo parent cessation of the reaction before 100% transformation, and in several

types of etee].(105-107), even holding at conettuit temperature within the
martensite range has been found to have little effect upon the Mf temper-
ature, though it did decrease the total amount of austenite transformed on
cooling to the Mf.

The transformation of austenite to martensite is accompanied by
an expansion, which is somewhat greater than those characteristic of the
proeutectoid ferrite, the pearlite, and the bainite reactions. Because of
the difference between the coefficients of thermal expansion for austenite
and. for martensite, the amount of expansion increases markedly as the tem-
perature of transformation d ecrer, ses (Figure 16). This expansion, as will
be discussed leter, is responsible for the "macro-stresses" that are gen-
erally associated with the martensito traisformation.

It has often been stated that the initiation and progress of the
martengite reaction are appreciably affected by macrosconic stresses, either
internal or externally applied. While this may well be the case, no satis-
factory measurements seem to have been made. An effect, which ha.s often
been stated to exist and has been attributed to stresses (presumpbly in-
ternal macroscopic stresses), is that the Ms occurs at a higher temper-
atiure at the surface of a continuously-cooled specimen than in its center,
or that on cooling to a temperature within the martennite range more rmr-
tensite forms at the surface than in the center. In many of the reported
cases, however, it does not appear certain that the effect is not due to
the difference in carbon content caused by surface decarburi-7ation, or to
the difference between the mechanical restraints at the boundparies of
grains at the curface and of grains within the steel.

The Ms temperature is lowQr, the higher the carbon content of
the austenite, in accordance with thermodynamqic conqiderations(40) Fo.
iron-carbon alloys, the temperature falls from about 1000 F. (550 C.)
for very low carbon material to about 3000 F. (1500 C.) for 1.40% carbon
and perhaps 1500 F, (650 C.) for 1.70% carbon(85, 86). The transition
temperature for the transformp.tion of austenite to strained supersaturpted.
ferrite has been oalculoted(40). The calculated tomporntures (Figure 9)
fit the experimental data very well. Over P. moderate range of carbon con-
tent, such as .20 to .90 per cent, the Me temperature may be considered.
to vary approximately linearly with carbon content, decreasing about 6300 F.
(3500 C.) for each per cent increabe in carbon.

The martensite-atart temperature should in general be lowered by
those elements that decrease the carbon content of austenite in equilibrium
with ferrite. With few exceptions, this seemr to be the case, To a first
aporoximpotion the Me temperature may be considered to vary linearly with
the per cent of an alloying element; the amount it varies, according to
the incomplete and somewhat inconsistent data now available, is Indicated
by the selected values in Table I. Calculations(4O) indicate that each
element should have a linear effect upon the carbon content nusociated
with a fixed Me. Since the Mp varies approximately linearly with carbon
content over the usup.l range, little error is introduced by considering
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- that the elements affect the M. itself linearly. (The linear relationship
S• should strictly be based upon atomic percentages of the elements, but the

use of weight percentages hardly affects its accuracy.) The theory fur-
ther preiicts that the effect of the individual elements upon the lowering
of the Me should be in approximately the same order as their effect in de-
layving the bainite reaction and lowering its maximum temperature, and in
an order not very different from the order of their effect in moving the
A3 line of the equilibrium diagram to the left. These arguments are in
reasonable agreement with the experimental data, except perhaps for vana-
dium and aluminum, on which only one experimental investigation has been
made.

The effect of combinations of a).loying elements has hardly been
studied. One suggestion(113) is that the effects of severfil elements gre
additive. It has also been suggested(11 6 ) that or.ch element multiplies
the Me temperature (in degrees F.) by a factor that varies linearly with
the per cent of the element; because of the use of degrees Fahrenheit,

Sjr this seems to be a rather arbitrary scheme. The experimental data Avail-
able do not permit the relative accuracy of the tvo suggestions to be
tested. However, the theoretical work, mentioned above, indicates that
the effects of different elements are additive with respect to the carbon
content for a fixed Ms tomperpture. They should, therefore, be approxi-
mately additive with respect to the Ms temperature for A fixed carbon con-
tent, the earliest and simplest suggestion made.

The preceding discussion of the effects of various elements upon
the Ms temperature refers to the amounts of elements in the austenite, Pnd
not to the amounts In the steel as a whole. Whether other constituents,
such as undissolved carbides or ferrite, affect the Me temperature of Pus-
tenits has not been studied, but sulh an effect seems unlikely. Segrega-
tion in the austenite, on a scale comparpble to the austonitic grain size
or larger, presumably causes the martensit? transforiation to begin in each
grain P.t P. temperature corresoonding to the composition of that grain. So-
gregation in the austenite on a scale small compa.red to the grain size
might raise the Me slightly or might have no effect.

Very little has been done towards determining the influence of
carbon and of alloying elements upon the progress of the martonsite renc-
tion. The information available indicates thr.t the Mf temporrture ip af-
fected in a manner similar to the M,(Ill, 113). While there are no ex-
perimental data, it would seem thnt lergo-scale segregation in the aus-
tenite might result in an Mf temperature in each grain corresponding to
its composition, while segregation on a scale compp.red to the grain size
might lower the Mf or might have no effect.

There have been rcports(86, 117) the-t raising the austenitizing
temperature raises the Mr. No full investigation of this suggestion has
been made. If the effect exists, it is very likely due to the effect of
austenitizing temperature upon the grain size, Pince it is possible that
increasing the grain size raises the Ms (although the contrPry has been
suggest ed(8)-).
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At a given temperature, changes in carbon covent and in alloy
• content affect the spocific volume of austenite to about the same extent

that they affect the specific volume of martensite(liS). Thus, for con-
stant temperature of transformation, the volume change from austenite to
martensite is practically independent of composition. If, however, a dif-
ference in czmposition results in a Cifference in temperature of transform-
ation, there will be a corresponding difference in volume change (Figure
16).

Relations Among Stagee

The relations among the proeutectoid, pearlite, and bain3te re-
actiona discussed in the section on irotkermal transformation aoply also
to continuous cooling. The applications of the relations are more im'nor-
tant in the case of continuous cooli.ng than of isothermal transformation,
for when austonite is continuously cooled it ordinarily does not roach the
bainite temperature range intil it hs been in the pea'lite range for R

significant time. As previously mentioned, the effect of holding auStenite
in the pearlite range upon itR subsequent transformation to bainite has as
yet been investigated only sketchily.

It remains to consider the relntions between the martensite trans-
formation and the proeatectoid, pearlite, and bainite transformations. The
effect rf partial transforriation to martensite upon subsequent transforma-
tion of the remaining austenite to proeutectoid constituents or to pearlite
has been studied only scantily(76, 11i). Since the proeutectoid and pearl-
ite reactions ordinarily do not occur before the bainite reaction Pt the
temperature at which martensite forms, the effect of martensite upon them
must be investigated by reheating the mctal after some martensite has
formed. The primary effect of the martensite is probably to nucleate and
consequently hastan(88) the high tempernture reactions.

The weight of evidence indicates that partial transformation to
martensite considerably hastens tranuformation of the remaining Pustenite
by the bainite reection(78, 99). This occurs both when a steel is cooled
to a temperature within the martensite range and held there (which ha s con-
fused several investigators of the decomposition of vustenite), and when
the steel, after being cooled within the m."rtensite range, is reheated to
a higher tempernture within the bainite range, Presumably the phenomenon
also occurs during continuous cooling.

Studies of the effect of partial transformation in the pearlite
range upon the M. temperature of the remaining austenite have been mede(74,
75, 76) upon several high-alloy steels, mostly of high carbon contents.
They found that the M. tempernture was raised when partial transformation
occurred, and also when 'he austenito was held in the pearlite range for
a time insufficient for any detecteble transformption. They attribute this
effect to precipitation of carbides and corsequent lowering of the carbon
content of the remaining auternite. Tf this is correct, an effect of pro-
eutcctoid carbide precTiitation, rather thp.n of pearlite formation, was
presumably being investigated. It then appears that no investigtions of
"the effect of partial transformntion to pearlite hP.ve been rnAde; there nay
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well be no effect. Neither have any studies of the effect of partial trans-
formation to proeutectoid ferrite been made; presumably the remaining aus-
tenite would be enriched in carbon and its Ms temperature consequently low-
ered.

is indicated earlier, during the transformation to bainite the re-
maining austenite becomes enriched in carbon. The M. temperature of the re-
maining austenite is lowered because of its higher carbon content.

Retained Austenite

The term "retained austenite" refers simply to the austenite re-
maining untransformed in a steel after completion of the cooling and iso-
thermal holding. Since whatever austenite does not transform by the pro-
eutectoid, pearlite, bainite, and marteneite reactions is "retained", little
separate consideration of the factors influencing its presence is necoessp.ry.

Retained austenite is commonly of interest in conjunction with an
otherwise martensitic structure. In this case the controlling factor is the
relation between the martensite temperature range and the minimum tempera-
ture to which the steel is cooled, although other features of the martensite
transformation (such as the degree of completion of the reaction upon cool-
ing below the Mf and the effect of cooling rate) also play a part, In the
majority of cases, steel Is not cooled below room temperature .fter quench-
ing; if the Mf lies below room temperature, some eustenite will then neces-
earily be retained. If the steel is not cooled as low as room temperature,
the likelihood of retained austenite and the amount retsined are greater.

Tempering

Tempering of the Decompocition Products of Austenite

The various decomposition products of austenite themselves change ,
progressively at temperatures below the A1 , tending towards the equilibrium
condition* of a single globule. of carbide in a matrix of ferrite. These

-.changes are called "tempering". Within tart of the temperature range in
which tempering occurs, another constituent also precipitates in many steels.
The precipitate, not yet positively identified, is responsible for the phe-
nomenon of temper brittleness.

Tempering of Martensite

Let us consider first the tempering of martensite in iron-carbon
alloys. Iron carbide tends to precipitate, r3ducing the carbon content of
the martensite. There is no reason to doubt that this precipitation occurs
by a process of nucleation and growth, and closely resembles, in its mech-
anism and kinetics, the precipitations from solid solution that are respon-

,Go luding graphitization.
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sible for "aging" in non-ferrous alloys. Little basic work has been done
on the precipitation of carbide from martensite, but nucleation evidently
takes place at many points within each martensite crystal. Onee formed,
the nuclei grow into carbide particles of unknown shape. (The particles
are too small to be observed with the light microscope, and investigation
by more suitable techniques has not yet been made.) The lattice structure
of the particles also has not been determined. It is, therefore, not es-
tablished whether cementite precipitates directly or, as in many other sys-
tems, a transition structure precipitates first(106 ) that later transforms
into cementite. The precipitation is accompanied by a small decrease in
volume.

Most of the Sarbon preci~itates in a matter of seconds at temper-
atuires of 4000 F. (200 C.) or higher, of minutes at 2000 F. (1000 C.), and
of perhaps years at room temperature(119). The variation of the rntes of
nucleation and of growth with temperature has not been considered either
theoretically or experimentally. The rates must depend on the free energies
of the carbide and of the martensito (as a function of its carbon content),
the interfacial tension between carbide and martencitc, end the r.te of dif-
fusion of carbon in martensito.

The m.rtensita, unless it is of low carbon content, will be tetra-
gonal before tempering. The tetrpgonality, ae hrs been mentioned, is caused
by the presence of the carbon e.tome in a group of preferred positions in the
martensite littice. At carbon contents above v.bout .20 per cent at room tem-
perature and .35 per cent at 4000 F. (2000 C.), the tetrtgonsl structure is
thermodynamically more stable than a cubic structure hrving the carbon atoms

A P. distributed randomly(40). As csrbon precipitates from martensite during tem-
pering, the carbon content of the martensite is reduced below the amounts
mentioned, and the cubic structure becomes stable with respect to the te-
tragonal. Transformrtion of the tetragonal to the cubic structure requires
only the movement of carbon atoms from one lattice position to an adjr.cent
one. This transform.tion, therefore, occurs very r-apidly Ps compared with
the ca.rbide precipitation, which involves carbon diffusion over cnsider-
ably greater distanceb. It may be noted that, a-ccording to theory(40),
the transformption of tctragonnl to cubic mnrtonsite should be reversible.
For example, mrrtensite tempered at 4000 F. (2000 C.) down to R. carbon con-
tent of .30 per cent, and therefore hnving a cubic structure, should on
cooling to room tenpernture revert to the totr.gonal structure.

Transformation of tetragonal martensite to cubic does not inter-
fere with the precipitation of iron carbide. On continued tempering, car-
bide precipit•tes from the cubic martensite and the carbon content of the
latter is reduced towards the equilibrium vaiue for solubility of carbon
in ferrite. Thus, the cubic martensite becomes simply ferrite.

When the carbon content of the martensite hbs been sufficiently
depleted, epheroidization of the carbide particles and. growth of the larger
particles(30, 121) at the expense of the smeller commence. The interface
energy is thus reduced by decreasing the area of interfrce between carbide
and ferrite (martensite). During the process, the carbide dissolves in the
ferrite where the radius of curvature of a carbide pp.rticle is small. The
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resultant dissolved carbon diffuses through the ferrite, and precipitates
4n out as carbide where the radius of curvature of a carbide particle is large.

Undoubtedly transformation to cementite of the transition iron carbide, if
any, takes place before this process proceeds very far. A small decrease
in volume, presumably accompanying the transformation, has been observed.
This volume change forms the chief evidence for the existanco of P. transi-
tion carbide(119).

Precipitation, transformation to cementite of the transition car-
bide (if any), and spheroidization and growth of the carbides probably all
overlap. Appreciable spheroidization and growth probably occur within a
few hours at 2000 F. (1000 C.) and a few seconds at 5500 F. (3000 C.). Em-
pirically(122), it has been found that the amount of spheroidization and
growth (as measured by hardness) depends on the parameter, T log (t/to),
where T is the absolute temperature, t the time, and to a constant that ar-
parently de ends upon the cprbon content of the steel varying from the or-
der of 10-lb seconds for 0.30 per cent carbon to l0-1ý seconds for 1.20 per
cent carbon. Photomicrographs illustrating the precipitption and growth
of the carbide during tempering of martensito are included in Figare 17.

The original martensite cr.ystals probably remain as individual
crystals (of ferrite) throughout the temperiag process. Since the grain
size of the martensite probably incro'sý!s with increasing grain size of
the austenite from which it formed, the grain size of the ferrite in the
tempered structure probably increases with increasing grain size of the
original austenite. At high tempering temperptures and long tempering
times, ferrite grain growth may occur, If the ferrite (or martensite) has
been deformed plapst.cally, recrystallization may also take place.

Tempering of Bainite

If bainite, as formed, contnine ferrite supersaturated with car-
bon, this carbon will precipitate upon tempering. If during the formation
of the bainite the rate of carbon diffusion was sufficiently rapid relative
to the rate of sidewise growth of supersaturated ferrite, carbide plates,
or a~t least platelike regions of high carbon concentration, will have
formed. During tempering, carbon from supersaturated ferrite will then
tend to precipitate along these plates or nlatelike regions. If the
bainite is formed u-nder such conditions that the structure consists
wholly of homogeneous supersaturated ferrite, the tempering will be es-
sentially the same ns that of martensito (except for differences arising
from the lower internal stresses).

When the carbon content of the ferrite h.s been lowered suffi-
ciently, spheroidization and growth of the larger comentite particles at
the expense of the smaller commence, just as in the tempering of mcirten-
site. If the original iron carbide precipitnte had the structure of some
transition phase rather than of cementite, tempering w,;ill soon ca.use trans-
formation of the transition structure to cementite. The non-uniformity of
the original precipitate persists, however, for some time; the particles
tend to line up in planes, presumn.bly the sites of the original carbide
plates or high-carbon regions. As the particles become larger and fewer,
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te'per.4 batnite approaches the structure of tempered marten3ite. ý dis-
tinguish the two under the microscope is difficult. The empirical relation
between temperature and time found for spheroidization and growth in the
tempering of martensite seems to apply to the tempering of bainite also.

The original crystals of supersaturated ferrite presumably remain
as individual crystals throughout the tempering process. If the size of
these original crystals increases with increasing grain size of the P,usten-
its from which they formed, the grain uize of the ferrite in the tempered
structure also increases with the grain size of the original austenite. At
high tempering temperatures and long tempering times growth and recrystalli-
zation of the ferrite grains may occur, just as in the case of martensite.

Tempering of Pearlite

Since pearlite consists of ferrite and carbide of practically
equilibrium carbon concentrations, there are no stages in its tempering in-
volving loss of tetragonality or precipitation of appreciable amounts of
cementite. Since, as indicated in Figure 9, the ferrite may be slightly
supersaturated with respect to carbon, tempering can cause a slight preci-
pitation of cementite or other carbide. Primarily, however, temper.ng of
pearlite is a process of spheroidization and of growth of large carbide
particles at the expense of small. Mach carbide lamella tends to break
up into a group of spheroids, so that the distribution of carbides in tem-
pered pearlite is much less uniform than in tempered martensite Pnd Oome-
what 3ssT than in tempered bainite. As the time and temperature increases,
and the particles become larger and fewer, the structure approaches those
of tempered martensite and teripered bainite. There ic some evidence that
the relation between temperature and time in the tempering of pearlite i3
the same as that in the spheroidization of tempered martensite.

The ferrite in certain regions of ench nodule (pearlite patch
grown from A single nucleus) is of the same orientation(45), and on tem-
pering it remains as a single ferrite grain. Since the size of the pearl-
ite nodules increases with increusing size of the austcnite grRins, the
f~rrite grain siza of the tempered pearlite probably incresses with in-
crease of the original F,.ustenitic grain size. Grain growth and recrystal-
lization may occur i•t high tempering temperatures end long tempering times.

Temperinj_ of Progutectgid Constituents

Procutectoid ferrite in iron-ca.rbon alloys is little affected by
tempering. If the ca. nr. concentration in the ferrite is higher than the
equilibrium corcentrption at the tenpLring temperature, precipitation of
cementite will occur. This tendn to take pla.ce around the edges of the
proeutectoid constituent, particularly nt cementite particles forr.ed there
fron. other constituents. Carbide pnrticles forried aroiund the edger will
then grow into the originallry orocutoctoid region. If the carbon concen-
tration of the ferrite ip lowor thrn the cquilibriwmn ccn,,entrartion at the
tempering tempereture, diffusion of crrbon from neighboring constituents
into thi proeutectoi(i forrite will occur, provided the temperatures Snd
times are high enoujwh to permit carbon diffusion over the reltively long
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distances Involved.

Preoutectoid cementite in iron-carbon alloys can only spheroidise
during tempering. At sufficiently high temperatures and times grain-bound-
ary layers of cementite will break up into groups of spheroids. These par-
ticles will be similar (except perhaps in sise) to cementite spheroids form-
ed from other constituents. The largest spheroids from either source will
grow and the smaller redissolve.

Effect of Carbon UWon TemDering

Increasing the amount of carbon in the steel increases the amount
of the carbide% in the tempered structures. It also increases the total
amount of carbon that must diffuse in order for the various changes to take
place. Increase in carbon, therefore, probably delays the tempering some-
what.

Effect of Alloyirag Elements Upon Tempering

Alloying elements would be expected to have only small effects upon
the processes or rates of precipitation of iron carbide from martensite, of
transformation from tetragonal martensite tc cubic, of transformation (if
any) from transition iron carbide to cementite, and of spheroidization and
growth of cementite. However, practically no experimental data are avail-
able for any of thes:s reactions.

When alloying elements are present, an additional stage of termer-
ing, not found in iron-carbon alloys, is likely to take place. This tr.ne-
formation consists of change in the alloy contents of the ferrite tnd car-
bide phases, and involves diffusion of the alloying element through ferrite,
and to some extent through carbide. Per this reason, it takes place to an
appreciable extent only at moderately high tempering temperatures Pnd tem-
poring times.

When carbide-forming elements are present, chrange in alloy content
of the carbide may involve not merely change in cementite composition, but
also change in the crystal structure of the carbides(76, 123). This trans.
formation apparently take@ place by a process of nucleation and growth that
in general involves diffusion of both carbon and alloying elements toward
the newly-forming carbides. The cementite particles are not likely them-
selves to serve as nuclei for complex carbides, but these carbides will tend
to r-uicleate at the interface between cementite and ferrite. An the complex
carbides grow, they will tend to absorb neighboring cementite. Solution of
cementite in the ferrite anM simultaneous precipitation of carbon from fer-
rite upon complex carbides can also take place; this process ip P kind of
spheroidization. Wnether or not the cementite will eventually disappeo.r
entirely depends upon the equilibrium field v'ithin which the steel lies at
the temperature of tempering. Spheroidization of the complex carbiden them-
selves and growth of the larger perticles Pt the expense'of the smaller will
take place when the ferrite is sufficiently depleted in the alloying elements.

Alloying elements affect the tempering of bAinite in the same way
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that they affect the tempering of martinsite. Their effect upon the tem-
paring of pearlite is different only insofar as the carbides forming the
pearlite lamellae maW be of a structure other than cementite. There is
reason to doubt that complex alloy carbides are present in untempered
pearlite. However, if they are, the particle@ of complex carbide exist-
ing before tempering will serve as nuclei for further formation of the com-
plex carbide at the expense of whatever cementite may be present.

Proeutectoid carbides in an alloy steel may certainly consist
partly or wholly of complex carbides rather than cementite. Particles of
complex carbide will, on tempering, grow at the expense of the cementite,
if any is present. Simultaneously, but more slowly, the particles of com-
plex carbide will upheroidize and the larger particles will grow at the ex-
pense of the smaller.

There is some evidence(122) that the empirical relationship be-
tween the time and the temperature that produce a given degree of temper-
ing in the case of' precipitation and growth of cemeiitite applies also to
precipitation and growth of complex carbides.

General

The term temiering has been used above in the broad sense of
chanAes with time of the decomposition products of austenite (other than
Sustenitizing and grauhitizing), This differs somewhat from the narrower
sense commonly used in heat-treatment, reheating of quenched s~ee! to a
temacrature belQw the Ai. The changes in the decomposition products of
austeuite resulting from cooling to room temperature and then reheating
are not appreciably different from those resulting when the products are
brought directly from the temperature at which they formed to the temper-
ing temperature. The decomposition products of austenite begin to change
(and so to temper in the broader sense) as soon as they are formed. For
example, if pearlite is forming isothermally, the first pearlite formed
will have undergone some tempering while other pearlite is yet to form
from the austenite. And, likewise, if austbnlte is transforming to mar-
tensite during quenching (rapid continuous cooling), the martensite formed
at hit temperatures will temper to some extent before all the mprtensite
has formed.

Decomloosition of Retained Austenite on Tempering

If a quenched steel is reheated to a temperature below the A1

rang*, any austenite remaining after the quench will tend to decompose dur-
ing the reheating and subsequent holding at temperature. The decomposition
will take place no if the austenite were brought directly to the temper-
ature in question(lll), except that the decomposition products present be-
fore reheating tend to nucleate suasequent decomposition. Thus, further
decomposition will begin more quickly than if no previous decomposition
had taken place.
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In addition to the series of changes in the decomposition products

o0. austenite described above (which Include traneformation of tetragonal mar-

tenxite to cubic, precipitation, growth, and soheroidization of iron carbide,

and precipitation, growth, and spheroidization of alloy cerbides), another

type of precipitation from ferrite may occur at temperatures below the crlti-

cal. This procipitation does riot seetm to take place in iron-carbon alloys

or plain-carbon steels; it has been reported only in steels containing more

than .6o% manganese or appreciable percentages of chromium or nickel. The

precipitation is apparently associated with the decreasing solubility of

some constituent in ferrite with decreasing temperatuxre. (Figure 19.) The

precipitation is sindlar to the other well-nlaion casesr of precipitation from

solid solution, such as those encou:ýte.9d in aging. At any temperature be-

low that at which the amounit of constituent present is soluble in the fer-

rite, precipitation will occur, given sufficient time, and will continue

tuntil the concentration of the constituent in the ferrite is reduced to

the equilibrium value for that temperature. Since this equilibrium value

(the solubility) decreases with decrenseing temperp.ture, the total amount

of precipitation that can take place increases with decreesing te~ipersture.

Apparently no precipitation occurs above about 11000 F. (6000 C.),

regardless of the initial composition of the ferrite. If, as indAlcted in

?igure 18, this maximum temperature wer, the temperature at which the sol-

ubility of the constituent in ferrite is equal to the initial concentration
of the constituent in ferrite, it would be expeoted to vary apprecinbly

'with the composition of the steel, for the initial concentration of the
A , constituent would be expected to vary. Since thiA mpximum temperature

does not very appreciably from ateel to steel, it soema likely thtt the

temperature 11000 F. (6000 C.) is represented by some horizontal line in

the equilibrium dingram, such as the ternary xlttectoid line indicated in
Figure 1.9.

The precipitation proceeds by P,, 'process of nucleation and growth.
Nucleation appears to take place preferentially at the prior austenitic

grain boundaries, where the interface srerg,, thr, ast be eupplied. to form

a nucleus is least**. The particles of precipitp.te remain small; they have

not yet been found with certainty by microvcoplc examination. The total
amount of precipitate is also small, but, nae mentioned above, increases
as the temperature is decreased.

The precipitation takes olace slowly at temperatures just below
l1o00 F. (600o C.), more rapidly att lower temperatures and slowly again at

*The fund.&zental work on this subject wns done by Greaves and collabo-

rators(124-12g). A reviow(129) has recently been puolished summariz-
ing the available information.

"**Wby lose energy should be required at prior Austenitic grain boundaries

than at ferrite grain boundaries is not clear; perhaps very small in-

clusions are left at the nustenitic grain boundaries after the austen-
its has decomposed.
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still lower. (See Figure 18,) This behavior, determined by the variation
with temperature of the solubility, the diffusion rate of the responsible
a constituent, and the surface energy of the precipitate, is usual in reac-
tions taking plaoe by nucleation and growth. The precipitation ceases
soonest at high temperatures, where the amount of constituent that can
form is smallest.

If precipitation has occurred, and the steel is held at a tem-
perature at which the solubility of the constituent in ferrite is greater
than the amount in solution, the precipitate will start to dissolve in the
ferrite. Solution will continue until the concentration of the dissolved
constituent reaches the solubility limit or the precipitate is entirely
dissolved. The solution appears to take place more rapidly the higher
the temperature. This might be expected, as no nucleation is necessary
for the process (the ferrite already being present).

The constituent responsible for temper brittleness appears to
be soluble in austenite in the concentrations in which it occurs in steel,
and there is no evidence that the precipitation cgn take place from nus-
tenite.

The natures of the temper brittleness precipitate and of the con-
stituent whose solubility in ferrite governs the precipitation have not yet
been definitely established. There are indications that the precipitate is
iron nitride, its precipitation being governed by the solubility of nitro-
gen in ferrite (in the preaence of carbon and of whatever alloying elements
m•% be preaent).

As mentioned above, the temper brittloness precipitation does not
seem to take place in plain-carbon steels. There is reason to believe that
as the amounts of manganese, nickel, and chromium are increased, the amount
of precipitation that can take place also increases. The same may be true
for molybdenum, but this element markedly decreases the rate of precipita-
tion.

The temper brittleness precipitation can take place during all
forms of tempering in the broad sense, below tho equilibrium temperature
for precipitation. Thus, precipitation occurs during holding at the tem-
pering temperature and during cooling from this temperatu-e, It can also
take place in ferrite newly formed from austenite, while this ferrite is
still at the temperature at which it formed, as well as while the ferrite
is cooling from that temperature.
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T.ABLE I

IL

3rZ"CT OF CBIT0~ )~qD ALLOYL-G MMITTS 0I 1. TMWMTJP

Zffect Per O of .Eement0oC.0_ or,.**.__

C (.20 - .9W) -350 -630

17n - 40 - 72

V - 35 - 63

Cr - 20 - 36
1

H i - 17 - 31

Ou .-1 -0.18i

11o -1I -. 18
Sw -, 5 - 9

0 0

Cc + 15 + 27

SA .30 + 54

MoteO The i1 temperature for iron-carbon alloys, extrapolated to 0 per
cent carbon, iq approximately 5500 C. (10100 F,)*.

*Salected from the literatutre(96, 111-115).
**Converted from o C.
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A. Lamellar Pearlite (X 2000)
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II. HEAT FLO W

To obtain in a steel oart the transformations desired during
hardening and tempering, it is necessary to subject the Dart to thermal
treatments. In such treatments, the periods during which the temperature
is changing are as important as the periods during which it is constant.
The changes in temperature are governed in general by heat flow in and out
of the part. Heat flow within and across the surface of steel parts is,
therefore, one of the fundamental phenomena involved in metallurgical de-
sign for hardening.

The heat flow may occur during heating or cooling; may or may
not be accompanied by phase transformations; may be in a large part or a
small, a simple or complex; may involve a gaseous medium, a liquid medium
that remains liquid, a liquid medium that boils, freezes, or decomposes at
the surface of the metal, a solid medium, no medium at all (a vacuum), or
several media. The theory of heat flow is rather well developed. Its
fundamentals were established and many of its details investigated at the
beginning of the 19th century(130). If the thermal characteristics of the
metal and of the metal-medium interface (and certain of the transformation
characteristics of the metal) are known, t~e theory of heat flow permits
calculation of the temperature as a function of time at any position in
the part, or of whatever other heat flow information may be desired. It
is true that the eauations involved are difficult to solve, and it is often
necessary to emvloy graphical methods, mathematical machines, or analogy
methods for their solutions. The chief difficulty in practice, however,
is that the thermal characteristics of the metal and of the interface are
usually not known. These characteristics include the thermal conductivity
of the metal,, its heat capacity per unit volume, and the film coefficient
which characterizes the interface. The film coefficient is defined as the
ratio of the rate of heat flow across a unit area of interface to the tem-
perature difference across the interface (between the metal surface and the
bulk of the medium). If a transformation occurs during the heat flow, the
heat evolved during the transformation plays a part, and the occurrence and
extent of the transformation as a function of past and present temperature
and time, therefore affect the heat flow,

Factors Affecting Heat Flow

Cooling in a Liquid That Boils

As an important illustration of the factors affecting heat flow,
let us consider the quenching of a steel part of simple shape, initially
consisting of homogeneous austenite at a uniform temperature above the
critical range, into a large quantity of a liquid medium that boils con-
siderably below the initial temperature of the part, When the part is
immersed in the medium, heat flows across its surface into the adjacent
liquid. The temmerature of the metal surface decreasen, and the temper-
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ature of the adjacent liquid rises. Within the metal, linat flows from the
S• hot center of the now cooler surface. (Heat flows from within the part

orimarily to she nearest surface; little heat flown to other surfaces,)
The temperature of the center begins to fall, but remains higher than that
of the surface. The temperature distribution within the part assumes the
sharo shown schematically• in Figure 20 (a, b, c). Heat flow through the
steel and heat flow across the interface are related both through the tem-
perature of the surface, and through the principle of the conservation of
heat, which requires that the rate c0t which heat roaches the surface from
the interior of the part be equal at every instant to the rate at which
heat passes across the interface.

Outside the part, the adjacent liquid in v'ery rapidly heated to
the boiling point and transformed into vapor. A thIn layer of vapor is
thus set up around the part, and heat from the part must pasw through this
layer to reach the liquid. Heat transfer through the vapor ti rather poor;
that is, the film coefficient is low. Nevertheless, since the difference
in temperature between the metal surface and the liquid is high, heat will
flow across the interface at a moderate rate and the surface and center
will cool, as indicated in Figure 20 (d, e, f). Since the steel is austen-
itic, the heat flow within the part is governed by the thermal conductivity
and the heat capacity (per unit volume) of the auatenite. Temperature
changes are rapid when the conductivity is high and the heat capacity low.
These quantities depend both upon the composition cf the austenlte and upon
its instantaneous tempereture.

That portion of the quenching during which the vapcr layer exists
is freauently referred to ai. "stage A cooling"*. During this stage the
film coefficient of the interface is influenced by the heat of vaporization
of the liquid, by the heat capacities and thermal conductivities of liquid
and vapor, by the boiling temperature, and probably by Uhc movement of the
steel relative to the liquid and by the turbulence within the liquid. These
last probably affect the thickness of the vapor layer, rapid movement or
turbulence tending to "wash away" vapor mechanically. An increase of any
of the factors mentioned will increaae the film cocfficient, Cheages in
the heat of vaporization and the boiling point of the medium probably have
the greatest effect. (Another factor, temperature of the medium, will be
discussed later, because it is somewhat more complax than those mentioned
above.)

As the surface temperature falls, the vapor layer becomes thinner,
and eventually liquid breaks through in spots and comes in contact with the
steel. This contact is only momentary at each spot, since the liq.'Id touch-
ing the steel boils quickly. However, as cooling continues, a condition is

*The existence of several stages of quenching was first suggested by Bene-
dicks(131) in 1904. The presence and nature of the three stages described
in this chapter were eetablished In 1920 by Pilling and Lynch(132), whose
findings have been confirmed by several other investigators(133wl36).
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set up in which at each spot there is alternately steel-liquid and steel-
vapor contact. This conditioA is known as "stage B cooling". The surface
temperature at which the transition from stage A to stage B takes place is
dmtermined primarily by the boiling point of the medium, the interfacial
tensions between ste.1l, liquid, and vapor, the relative motion of the part
and the medium, and the turbulence of the medium. The higher the boiling
temperature, the higher is the tomperature at which the vapor film begins
to break down. The lower the interfacial tension between steel and liquid
as compared with the sum of the interfacial tensions between steel and
vapor and between vapor and liquid, the easier it is for a steel-liquid
interface to be set u P instead of steel-vaeor and vapor-liquid interfaces.
Motion and turbulence mechanically wash away the vapor layer and permit
momentary liquid-to-metal contact,

Since heat transfer takes place much more readily across a simple
metal-liquid interface than through a complex one involving transfer from
metel to vapor, through the vwmor layer, and from vapor to liquid, the film
coefficient and the rate of heat flow (insofar as it is controlled by the
interface) are much greater in stage B cooling than in stage A. Cooling
during stage B is affected by the same factors and in the same direction
as cooling during stage A; however, turbulence of the liouid and its move-
ment oast the steel play a major role in stage B. The interfacial tension
effect mentioned above is ani additional fr.ctor.

As the temperature of the metal surface approaches and reaches
the boiling temperature of the liquid, boiling ceases and Stage C cooling
begins. Here the gas phase is not involved, and heat flowing across the

S, interface serves only to heat the nearby liauid, not to vaporize it. This
heat is then distributed to the rest of the liquid by conduction and con-
vection. Factors affecting the film coefficient in stage C include the
heat capacity and thermal conductivity of the medium, the relative move-
ment of medium and steel, and the turbulence of the medium.

The rate of the flow of heat per unit area across the interface
is equL.! to the product of the film coefficient and the temperature differ-
ence between the metal surface and the bulk of the liquid. As quenching
proceeds, the temperature difference decreases, and a decrease of heat
flow across the interface is, therefore, superimposed upon the effects due
to changes in film coefficient. Since the temperature difference approaches
zero as the temperature of the surface approaches that of the liquid, the
heat flow also approaches zero, On this basis, it will take aun infinite
time for the temperature of the part to reach that of its surroundings, but
the difference between part and liquid temperatures continuously decreases.

The effects of temperature of the liquid upon flow of heat across
the interface have not yet been discussed: they are of two kinds. In the
first place, increasing the temnerature of the liquid decreases the temper-
ature difference between the metal surface and the liquid. The effect of
this decrease upon the rate of heat-flow is most marked when the temperature
difference Is small, as towards the end of a q.ench. In the second place,
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changes in temperature of the liquid affect the film coefficient in several
ways. Thus, increases in temperature decrease the viucosity of the medirA,
This decreasa in viscosity increases convection and turbulence, %ending to
increase the film coefficient during all stages and to increase the tempe•.
ature of transition from stage A to stage B, Increase in medium temperature
decreases the additional rise in temperature necessary to bring the liquid
to its boiling point, This may markedly lower the tenipevaurs of transition
from stage A to stage B cooling. It also tends to decrease the film cc-
efficient during stages A and B,

Not only the surface conditions (film coeffiuient) but a'.so the
thermal conductivity and heat capacity per unit volume of thQ metal can be
expected to change during cuoling, The thermal conductivity of austenite
increases considerably as the temperature is lowered, while the heat capac.
ity decreases somewhat. Since the metal near the surface is colder at any
instant than the metal near the center, the conductivity and heat capacity
will not be constant aczoss the section, Moreover, at some temperature the
austenite will start to transform to martensite, Thereafter, the pertinent

' • conductivity and heat capacity will not be those of austenite but those of
mixtures of austenite and martenuite in varying percentages, and finally,
perhaps, of martensite alone, During the austenite.smartensite transforma-
tion a considerable evolution of heat occurs. Since the progress of this
particular transformation, and hence the amount of heat liberated per
degree cooling, is only slightly dependent upon rate of cooling, it is
probably possible to consider the heat evolution as simply an increase in
heat capacity. Again, however, the heat capacity will vary acrous th4

• section, since the temperature does.

If proeutectoid, pearlite, or be.inite reactions occur during
cooling, the situation becomes more complox, The occurrence and progress
of these reactions depend not only upon the trannformation characteristics
of the eastenite as fixed by its comvocition, grain size, and homogeneity,
but also upon the temperature-time relations during cooling. Traneforme.-
tion from austenite to these other constituents involves changes in the.Mal
conductivity and heat capacity, as well as heat evolutions that may be suf-
ficient to raise the local temperature desnite the hoat lose across the
interface. (This phenomenon is known as "rocalesoence",) Such heat
evolutions cannot he considered as simply changes in heat capacity. but
must be taken into account separately, Thus the instantaneous conductivity,
heat capacity, and rate of heat evolution at any pdInt depend upon the tem-
perature at each point throughout the part as a function of time up to the
instant under consideration. Not only austenite decomposition, but temper-
ing of the resulting decomposition products may occur during quenching,
Heat flow in a quenched Dart is, therefore, to some extent dependent upon
the transformation 3haracteristics of the steelq just as the ocCurrence
and progress of the transformations are, to a greater cxtent, dependent
upon the heat flew.
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41,Cooling in Media of Variouo Types

When a steel part is quenched in a liquid medium that boils or
decomposes at a temperature below the initial surface temperature of the
part, the behavior during quenching is ordinarily that described above.
Differences between the various media that may be used lie only in the
numerical values of the various factors governing the film coefficient.
Thus, dilute aqueous solutions seem to differ from water appreciably only
in the temperature of transition from first to second stage quenching.
Solutes such as sodium chloride and sodium hydroxide raise this tempera-
ture while soaps apoarently lower it (132, 134, 135, 137). This behavior
may perhaps be associated with the effect. of the solutes in raising or
lowering, respectively, the interfacial tension between the liquid and the
steam while having less effect upon the interfacial tension between liquid
and metal and between metal and steam. When oils are used as quenching
media the constants involved are likely to be considerably different from
those for water, but the three characteristic stages are present in both
cases. Oils may decompose as well as boil in the early part of the quench-
ing, but as far ab heat flow is concerned this simply changes the numerical
valuen of certain factors. Some molten salts may decompose into both
gaseous and liouid products without boiling; the gaseous decomnosition
products affect the heat flow in a manner similar to vapor. (However,
while vanor may condense to the criginal liouid, decomposition products
may not condense or recombine and so may be removed only by convection.)
The temneratures of transition from A to B stage for molten salts, as well
as some other media, are likely to be above the initial temperature of the

.• steel, so that stage A cooling will be absent. The temneratures of transi-
•i. tion from the P to C stage for' molten lead and some molten 9Flte may be

above the initial temperature of the steel, so that only stage C cooling
will be present, With any medium, lowering the initial temperature of the
steel makes it more likely that the 4 and the B stapes will be absent.

In air or gas cooling, only stage C can 'be uresent. Heat flow
by conduction radiation is more i-oortant in air or gas cooling thal, in
lipuid cooling. Radiative heat transfer will occur when the medium it not
opaaue to the visible and infra-red wave-lengths emitted by steel. When
the radiation is absorbed in the bulk a the medium, cooling can be con-
u'idered to be stage C, but the factors affecting the film coefficient are
somewhat different than when cooline takes place by conduction or convec-
tion. The heat capacity, conductivity, motion, and turbulence of the medium
will have only a slight effacit.# (They may still have some effect since
they affect dissipation of heat in the medium after the radiation is ab-
sorbed,) The emissivity of the metal surface is, however, the most impor-
tant factor durine vadiation.! the film coefficient will vary directly as
the emissivity. Moreover, the film coefficient will vary, to a first ap-
proximation, as the cube of the absolute temperature of the surface.

*These factors have little effect on the radiative heat flow in stage C
cooling but the heat flow by convection will be affected.



Since the emissivity of a surface is equal to one minus its
Sreflectivity, a clean, highly reflective steel surface will have consider-

ably lower emissivity and lower film coefficient for radiation than a dark,
oxidized ("scaled") surface. Plating and other surface conditions will
also affect the emissivity. Such changes in emissivity may be important
not only in stage C cooling, but also in stage A, since radiation may play
a considerable -art in heat transfer across the vapor layer. Radiative
heat transfer across vapor bubbles may also occur during the B stage of
liquid cuenching.

By changing the effective interfaciel tensions and possibly,
through friction, the turbulence, surface conditions can also affect the
film coefficient during stages A and B, as well as the temperature of
transition from A to B. If the plating, or especir.lly scale, is thick
enough, its thermal conductivity and possibly even its heat capacity may
affect heat flow. Since conductivity and heat caoacity are properties of
the part and not of the interface, they may be of importance regardless
of the stage of cooling.

When radiation passes through a medium essentially transparent
to It, and is absorbed not in the medium but in surrounding walls, the
important temnerature difference le not that between metal surface and
medium but between metal surface and wall. If the film coefficient con-
cept is to be used, it must refer to the metal-wall "interface", rather
than the metal-medium interface. The film coefficient will be greater
the higher the emissivity of the part and the lower the emissivity of the
"wall. Unless the part is entirely surrounded by walls of uniform temper-

S 4 ature and emissivity, geometrical considerations enter: The film coeffi-
cient at any point on the part is affected by the solid angle of wall
"visible" from the point and its temperature and emissivity. Specular
reflection characteristics and hence the angles between wall and part
surfaces may play a part, If radiation from the part changes the wall
surface temperature appreciably, the thermal conductivity and heat capac-
ity of the wall enter.

This last case apnt~oaches that of a solid cooling medium
separated from the rart by a thin layer of gas. Heat flows across the gas
layer by conduction, convection, and radiation; through the solid medium
by conduction. If the heat flow changes the surface temnerature of the
solid medium by only a small amount relative to the temperature difference
between part surface and solid medium surface, the situation does not
differ essentially from C stage cooling in a gaseous or liquid medium. If,
however, the temperature change of the solid medium surface produced by the
heat flow is amnreciable compared to the difference between the tempera-
tures of the two surfaces, not only must the film coefficient and the
thermal conductivity and heat caracity of the steel be considered, but also
the conductivity and heat capacity of the solid medium. If the character-
istics of the solid medium are such that an appreciable portion of the heat
from the part reaches the outer boundary of the medium before the mart is
essentially down to its final temperature, tle conditions at this outer
boundary as well as the dimensions of the solid medium may affect the heat
flow also.
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The cooling medium may consist of a mixture of several phases,
but the heat flow under such circumstances usually differ@ only in numer-

... j ical values from the flow with a single phase medium. (Cooling in ashes,
a solid-gas mixture, is an example; such cooling will differ little from
cooling in a solid,) Several cooling media may be effective at the same
spot. (For example, a surface may be simultaneously cooled by stage C
cooling to the adjacent air and by radiation to the walls.) Different
cooling media may be applied to different portions of the same part. (One
end of a bar may be quenched by water while the other end cools in air.)
Even if the same medium is applied to the whole part, different portions
of the surface may, at the same moment, be in different stages of cooling,
because of differences in local surface temperature or in medium turbulence.
(This is common in water-quenching a part having sections of widely differ-
ing thicknesses.)

Reat in&

Heat flow on heating is simnly the reverse of that on cooling.
• Neither boiling nor decomrosition of a liquid medium occurs when a cold
part is quenched into it, but a gaseous medium may condense on the surface
of the part, giving rise to a condition, corresponding to A stage cooling,
that may be termed A stage heating. Since turbulence in the gas would -be
unlikely to remove the liquid wholly even from local areas of the surface,
no condition corresponding to B utage cooling is likely to arise, In-
stead, as the metal surface approaches the boiling point of the medium, a
transltion from A to C stage heating will occur. A stage heating may also

*b occur when a part is heated in a liquid which solidifies at the surface of
A, the part.

C stage heating, by conduction, convection, or radiation from a
medium that does not condense or solidify, does not differ in any impor-
tant resnect from C stage cooling. Heat flow directly from the walls to
the Dart can also occur, by radiation. In the case of radiation it should
be remembered that the film coefficient varies approximately as the cube
of the absolute temperature of the hctter body, which in heating is not
the part but the medium or walls.

Transformni-tions involving heat absorptions, such an the fornation
of austenite, may occur on heating. Such heat absorption corresponds to
heat evolution on cooling.

Equalization

Of some metallurgical interest is temperature ecualization
throughout a *-ort in which the tp~mnerature is initially non-uniform be-
cause of prior heating or cooling. If there is no heat flow across the
part surface all portions of the part will aprroach a uniform temperature.
Heat flow within the rart under such conditions is affected by the size
and shape of the nart and by its thermal conductivity and heat capacity
per unit volume. (If tranmformations occur, heat evolution or absorption
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will have an effect.) The initial condition here is not one of uniform
"temperature throughout the part, but of a known initial temperature die-

-lw tribution. (In some important practical cases of cooling or heating also,

the initial temperature of the part is not uniform.)

Temperature Distribution During Heat Flow

During cooling, the temperature distribution within the part will
successively assume a series of shapes such as those shown in Figure 20
(b, e, and h) (provided no heat evolutions take place). On heating, the
distriiuution will assume the shapes given by these same sketches turned
upside down. Most of the temperature gradient will be across the inter-
face if the film coefficient (M) of the interface is low relative to the
ratio of the thermal conductivity (K) of the metal to the distance (D/2)
the heat must flow from center to surface of the part( K(2K

The temierature distribution then will assume the form indicated in Figure
S- 20 (a, d, and g), where the temperature across the section of the part is

relatively uniform. Most of the tem,oerature gradient will be within the
Dart if the film coefficient it high relative to the ratio of the thermal
conductivity to the distance the heat must flow within the Dart M>> -

The temperature distribution then will asqume the form indicated in Figure
20 (c, f, and i). Lowering the ratio of thermal conductivity to heat
canacity (per unit volume) and increasing the distance the heat must flow
within the Dart both tend to increase the temrerature differences within

p, the Dart, relative to the temmerature difference across the interface.

Simnlification of Heat Flow

The discussion above gives some indication of the multiplicity
of factors affecting heat flow during heat-treatment of steel parts. To
consider their individual effects quantitatively and in detail is beyond
the scone of thise book. though the effects of a few factors will be re-
viewed Qualitatively in the subsequent chapter, "Quenching". However,
(neglecting such heat evolutions and absorptions as cannot be considered
as changen in specific heat,) the heat flew for the great majority of
cases that are of int3rest in heat-treatment is governed by thu initial
conditions, the thermal conductivity and heat capacity (Der unit volume)
of the metal, thr film cocfficient of the metal-medium interface, and the
size and sharc of the part. As haa been previously indicated, the numerous
factors affecting heat flow do so through their effect upon these relative-
ly few chnracteristics.

The initial conditions consist of the initiel temperature at all
points in the Dart and tho initial temperature of the medium. The temper-
ature of the medium ordinarily can be ansidered to be uniform and con-
stant. The thermal conductivity and heat camacity (%or unit wlume)of the
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S metal depend on composition, microstructure, and local tewperature. (If
transformations may occur during the heat flow, so affecting the micro-
structure, the transformation characteristics as a function of time and
temioerature influence the conductivity and spocific heat.) The film co-
efficient is affected by many variables, but in most cases the heat flow
can be divided into three or fewer regions of surface temperature in each
of which the film coefficient is very nearly constant. The size that is
of primary imoortance is the thickness of the part. The shape, in a great
many caees, can be considered as a combination of simDle shapes such as
plates, cylinders, and spheres.

Considerable information can be obtained from a mathematical
treatment of even the simrlest cases, such as that in which the initial
temperature of the part is uniform, the thermal conductivity, heat capac-
ity (Ner unit volume) and film coefficient are constant during, the heat
flowv, and the shaoe is a plate or a right circular cylinder*. Information
of greater anplicability could be obtained by considering the film co-
efficient to have one of three succesnive values, denending on the surface

A temperature (the value for the B stage being higher than for the other two),
but no treatment of the three-stape case seemp to have been made as yet.

For the one stage case, under the conditions mentioned above,
it is convenient to specify the interface characteristics in terms of the
severity of ouencb, F, -'hich is defined as the ratio of the film coeffi-
cient to twice tVi thermal conductivity of the metal (H - M/2K). It is
also convenient to specify the heat flow characteristics of the metal in
terms of the thermal diffusivity, a, which is defined as the rrtio of the

•o thermal conductivity to the heat canacity per unit volume. Plates with
the same value of the product HD, where D is the thickness, will pass
through the same temperature distributions during heat flow, as indicated
in Figure 20. The same is true for cylinders with the same value of the
product HD. The time after the start of the heat flow at which parts
reach these distributions is directly proportional to the square of their
thickness and inversely proportional to their thermal diffusivity. For
such comparisons, temperature is conveniently exrressed as a fractional
temperature, U: the difference between the instantaneous and the medium
temperatures divided by the difference between the initial and the medium
temneraturfis.

Equations and tables (139-142) for the fractional temperature U
at any ooint within a plate or cylinder, at any time, have been developod
for the conditions mentioned in the preceding paragraphs, and are based
unon the product H-D. These equations and tables are very useful in cal-
culating heat flow conditions durinp heat-traatment, desnite the srecial
conditions assumed in their derivation. The most extensive tables pub-
lished appear to be those of Rtussell(141), which have been reprinted in
Austin's book(1h3).

*The assumed constancy of the film coefficient is often referred to as
"Newton's Law of Cooling".
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As indicated in Figure 21, high RD values result in large tem-ner-
ature differences within the nart, while low HD values Droduce small tp~m-
inerature differences, For the limiting case of low RD values, the temper-
ature across the Part Is almost uniform, and the time-temperature curve is
very close to an exponential function, in which the rate of change of the

fractional temperature is pronortional to the fractional temperature:

SW/dt -,cU (2-1)

where t is the time and s a constant. Then:

In U - -ct and U. e-ct (2-2)

where e is tho base of the natural logarithm.

The value of c isr

for plates: Hl(ý2)

D2

for cylinders: 2HD(a)
D2

for spheresi 3HD(42)
1)2

where a is the thermal diffusivity.

Equation (2-2) holds within a few rercent for values of HD
smaller than 0.1*. For larger values of HD there is an appreciable
initial transient, during which the center cools or heats more slowly and
the outside more rapidly than Ecuation (2-2) would indicate. (Figure 21,
toD.) However, as the transient dies avay, the rate of cooling or heating
avrnroaches that given by Ecuation (2-1). The fractional temperature then
amoroaches the relation:

U e •c(t • to) (2-3)

where to is a constant, positive for positions near the surface and negative
for nositions near the center of the section.

Equation (2-2) giv.es the surface and center temperatures accurate-
ly only for low HD values. At higher HD values, the deviation of the sur-
face tomnerature from that indicated by the equation is in the opposite
direction from the deviation of the center temperature. Equation '2-2)
therefore provides, u- to moderate valuea of the product HID, a fair
ap-oroxiration to the average temperature of the section. The error intro.
duced by this assumption is such that the ecuation gives higher value of

*RD in dimenmionlese; the value of H must be expressed in units the recip-
rocal of those in which D is expressed,
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the average U than a more exact calculation, because equation (2-2) essen-
tially assumes that hast flow is limited only by interface conditions,
whereas it is in fact limited also by conduction within the part.

The preceding discussion has been concerned with simple shapes,
such as plates and cylinders. More complicated shapes can generally be
considered as combinations of simple shapes. Thus, a long rectangular
bar can be conpidered as the intersection of two perpendicular platee, At
any time, the value of the fractional temperature U for a point within the
bar will be the -roduct of the value of U for a voint at the same -osition
within two plates whose thicknesses are equal to the two shorter dimen-
sions of the bar, (The value of HD, it must be remembered, will ordinarily
be different for the two olates if their thicknesses are uneoual.) A cube
cnn sImilarly be considered as the intersection of three parrendicular
DlateA of ecaul thickness: U at the cube center, for example, will be
ecual to the cube of U for one of plates at the same instant. A short
round bar can be considered as the intersection of a cylinder with a plate
per-endicular to the cylinder axis.

Computations made in this way indicate that, if the value of H
is constant over the surface, the heat flow is governed Drimarily by the
smallest dimension. Little error is involved, for example, in considering
a round bar to be a cylinder unless the length is almost as short as the
diameter, or in considering a slab of finite length and width as an in-
finite plate unless the width is almost as small as twice the thicknesý'
(1U4). As another example, a threaded round c n b., con-id.;r:&ne an un-
threaded round of slightly more than the minor diameter.

- ",9 .-
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II I. M3C-ANTICA1 BEHAVIOR

The object of the study of the mechanical behavior of metals is
to relate the effects of changes in structure to changes in mechanical
properties. If an attempt were to be made to establish individual corre-
lations between all the mechanical properties and structure, the amount
of exoerimental data necessary would be tremendous. A better approach is
to study the fundamentals of mechanical behavior that under'ie the nroo-
ertius, and the effects of metallurgical variables (micro-structure) uapon
this behavior. Once these fundamentals are understood., the relations be-
tween thne metallurgical variables and the various mechanical properties
can be found simnly.

Stress-Strain Rela.tions

Althouah the mechanical behavior of metals is determined by
certain uhenomena, that take plac. on a microscooic or submicroscooic scale
(slir,. twiznning, local viscous, flow, etc.), a discussion of these phenomena

.would be beyond the scope of this volumc*. The -resent discussion will be
confined to behavior on a macroscoric ncale.e The macroscotic nhenomena
that rovern the ordinarily-measured mechanical properties of metals are
nlastic flow and fracture. The simnlest and most fundamental measures of
the flo'.' and franture characteristics are stress-strain curves. A single
stress-strain curve does not by any means determine the entire mechanical
behavior, but an understanding of the Rignificance of such curves leads to
a consistent internretntion of the results of standard mechanical tests,
and of the effects of metallurgical structu-e upon these results.

As a load is first applied to a specimen of a -olycrystalline
metal, the stress is prooortional to the deformation (change in dimen-
-zons), and the metal is said to be elastic. As the stress is increased,
plastic flow begins and the met-1. strain-hardens; -plastic flow increascs
the stress recuircd for further elastic flow. Strain-hardening continues
until the soecimen fractures. In general, the strain-hardening character-
istics of metals ar'- measured by determining the stress-strain curves of
srecimens deformed in un'axial tension. In this case, the stress is the
load divided by the arsa of the s"ecimen at that load. The change in
strain is defined by the following relation:

d d'P -- (3-1)

where '0 is the strain and 1 the length over which the change in length
dl occurs. The strain, i , is found by integration to bet

ln 1/1f (3-2)

*A re'view of thene nhenomene may b. found in the book, "The Structure of

mt• - 1-" (U45).
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where 1 and 1 are the original. and the instantaneous lengths respectively
(146, 197). During plastic deformation the volume of the metal is essern
tially constant* and therefore:

AA0I (3-3)

where Ao and A are the original and instantaneous areas respectively,
Uoon substitution in Equation (3-2) the following relation(148, 149) re-
sults:

i In Ac ( 3-h)

The instantaneous diameter can be measured and the strain obtained from
"Icuation (5-h).

If the stress (load divided by the instantaneous area) is
plotted as a function of the strain as defined above, schematic stress-
strain curves of the type presented in Figures 22 and 23 are obtained for
most metals. For steels, the curves consist of three rather distinct
regions: the elastic, the initial yielding, and the plastic flow. Dnri g
elastic deformation (from origin to Y in Figure 22, to Y' in Figure 23)
the stress is proportional to the strain; if the load is removed the strain
returns to zero. The constant of proportionality between tensile stress
and strain is referred to as the elastic mdfulus (or as Young's modulus)
and for steel is eoual to approximately 30,000,000 p.s.i. at room temoer-
ature. The elastic modulus decreases ilightly as the temnerature in-
creases, but for steels of the moderate alloy contents generally con-
sidered for heat-treated parts' it is esseyltially indenendent of all other
variables, including microstructure.

At Y and Y1 in Figurns 22 and 23 yielding occurs and. the curvcs
deviate noticeably from straight lineq. Yielding is the initiation of
plastic deformation, but because there are certain necularities (Y' to A,
Figure 23) somti.mes found in the initial stages of plastic flow that are
not found later, it is often convenient to speak of initial yielding
separately from later flow.

After the initial yielding, homogeneous plastic deformation
occurs (Y to F and A to F). If the load is removed the soecimen is found
to be nermanently deformed. The stress-strain curve in this region de-
viates from a straight line; it rises continuously. Plastic deformation
increases the stress reoaired for further rlastic deformation and the
metal strain-hardens. The vlone of the stress-strain curve at each value
of the strain represents the rate of strain-hardening for the particular
metal deformed a specified amount (in tension). As defornation proceeds
the rate of strain-hardening decreases.

*Except at small strains, the change in diameter due to th'e change in
volume accom-nanying the elastic deformation will be small compared to
the change in diameter arining from -lastic flow.
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If some -olastic deformation has occurred, and the stress is
removed., the plastic deformation ceases and the elastic deformation die-a,• &-ears. However, some additional anelastic deformation remains and die-
appears only gradually, over a period of seconds or hours. Similarly, if
the load is being increaied, the deformation doem not correspond to the
instantaneous stress, Rather, if a load is reapplir.d after plastic de-
formation, the strain assumes a given veluo almost instantaneously and then
further deformation occurs as the load is maintained. Thi" additional
deformation is not nlastic in the ordinary sens3, for if the load is re-
moved, the strain will be found not to be nermanent. Furthermore, it is
not elastic in the strict sense since the strain does not reach the final
value immedietely. Thus the dcformation may be called anelastic. This
anelastic deformation is of imuortance to the underotandirsr of the fund-
amentals of plastic flow and is rElated to the elastic aftereffect and
Bauschinger effect discussed later. The details of this ty-pe of deform-
ation discussed elsewhere(103) will not be further considered here.

At 7 in Figures 22 and 27, fracture occurs. However, since
vlastic deformation has taken nlace the metal that fractures at F is
different from the one that yielded at Y or V. Theofracture stress dt
the strain O'f apolies only to a metal deformed to this strain in simple
tension.

The tensile stress-strain curve may be o~nsidered as a locus of
points representing the tensile stress reouired for olastic flow of an
infinite number of specimens of the same prior mctallurgical structure
but e&ch differing from every other specimen in th.at it has ben. deformed
a different amount in simole ton•Aon. Th,- specimen deformed to the tensile
strain bif (Figures 22 and 23) frtctures and does not flvw. The stress
vwlue for this snecimon fnlls not only on the locus of flow stresses but
also on another locus of stresses(150): that of thý; fracture stresses.
It may be postulated that for each of the spoecimcens deformed to strains
less than (/f, a fracture stress exists which is greater than the stress
required for plastic flow, for the specimen flows and does not fracture*.
Thus a locus of fracture stresses can be conceived ,.,hich intersects the
locus of flow stresses at the strain tif (Figure 22). The curves will be
referred to as fracture-stress and flow-stress curves respectively. The
"concent that there exists a fracture-stress curve in addition to the ordinary
flow curve affords a means of interpreting, in a consistent manner, the
effects of structrre on the mechtinical propertis. Not only may a change
in metallurgical structure alter the flow curve but it can and does induce
tremendous changes in the fract'ri stress curvc.

Sffect of Mote.llurgiral Variabl-si

The effects of metallurgical variables on the mechanical pronpr-
ties may be Interpreted in terms of their effects uron the flow and
fracture curves. Most of the studies of the effects of metallurgical

*A method of obtaining aa estimate of the locus of fracture stress is dis-

cussed on Page 56 and follo',inA;.



variables on flow and fracture have been made by performing tensile tests.
Tensile tests designed to determine the effect of metallurgical variables
are generally verformed at room temperature (about 700 F.,. 200 C.) and at
moderate rates of strain (about 10-4 sec.-), In the following para-
graphs the effects of metallurgical variables upon the tensile atress-
strain curves obtained for steel In such normal room-temperature tensile
tests are discuseed. The discussion is divided into three parts: the
first two deal with the effects of variables upon the initial yielding and
uron the later -ortion of the flow stress curve, while the third deals
with their effects upon the fracture stress curve.

The type of initial yielding Is highly dependent unon metallur-
gical structure. For some steels the stres-s-train curves deviate only
gradually from linearity, as illustrated in ?igure 22, For others, the
deviation is abrart, as shown in Fiuro 23. For steels of the latter type
the deformation originates in discrete bands at stress concentrations and
.roceeds by the propagation of these bands along the stecimen, as illus-
trated in Figure 24, rather than by uniform extension. This t.ye of de-
formation has been referred to as the Piobert(152) effect and the discrete
regions of deformation are known as Luders'(153) bands or Hartmann(15 14)
lines. The stress-strain curve associated with steels yieldng in this
manner is characterized by a lower yield roint. B, and an uoper yield
-point, Y'(Figure 21). The magnitude of the u=er yield point depends upon
the magnitude of the stress concentrations nresent In the soecimen. For

4• exam-ole, the more gentle the fillets at the thoulder of the soccimen and
the more finel.y nolished its surface(155, 156), the more difficult is the
formation of LZiders' bands and the higher will be the upoer yield stress.
The lower yield stress, B, and the amount of non-uniform deformation (W,)
denend unon the structure of the steel, Changes In steel structure that
increase the lower vield stress without affecting the rest of the flow
stress curve will increLLse the amount of non-uniform deformation (lower
y.eld strain), an illustrated in Figure 25.

It has been shown that the presence of Luders' type of deforma-
tion (as well as its return ucon acing, following plastic deformation) is
connected. with the nresence of nitrogen and carbon in the steels(157)*.
Less than .OO2' of either of these elements In iron can cause heterogen-
eous yielding, presumablv because of the oreciritation of iron carbides
or nitrides at the -rain boundaries. Several investigatore(15g.-160) have
pointed out how such a precipitate might result in discontinuous yielding.
They have suggested that the presence of a grain boundary preipitate re-
stricts the relative motion of grains, cau)sing this restriction rather
than the resistance of the grains thomselves to limiting the stress re-

*An excellent review of the information available concerning this type of

yielding is to be found in the amoendix of the papor by Gensamer and Low

(157).



quired for plastic flow. Many observations lend credence to such argu.-
ments(l6l), For example, grain size has a marked. influence on the magni-
tude and extent of the lower yield strength(162), arising supposedly from
the larger amount of restrain of the grains of fine-grained steels to re-
lative motion. For steels of the same carbon and nitrogen contents, the
presence and the extent of the discontinuous type of yielding depend alsn
on the gross microstructure of the steel. As the strength* is increased
by disnersion of the carbides, the relative resistance to Plastic flow of
the grains themselves becomes greater than the resistance to flow imnnosed
by the resistance to relative motion of the grains, and the steel tends
less and less to exhibit the drop in load at yinlding(163). It a'Opears
also that at a given strength level, the more random the distribution of
the carbides and the more negrly spheroidal they are, the more likely is
heterogeneous yielding(161±) to occur. Thus, steels having tempered mar-
tennitic structures exhibit the Piobert effect at higher strength levels
than the name steels having pearlitic stnrctures(1 6 3).

Flow

The height of the stress-strain curve, as measured by the stress
reouired to produce a given small Strain (larger than the lower yield
strain) appears to depend primarily on the mean free path in the ferrite
(164), which in turn is determined by the size, shape and distribution of
the carbide particles. Thc rolation between the height of the flow curve
and the wean ferrite path is illustrated in Figure 2C, Thus, for tempered
mart-nsitic steels, the finer and the more numerous the carbide particles,
the greater is the strength, and for nearlitic steels, the smaller the
separation of the carbide plates the greater is the strength,

Based upon th- above analysis, steels of the same strength (stress
at a given small strain) should have the same meon ferrite Path. A cues-
tion then arises as to whother the shape of the ontire stress-strain curve
derends only uoon this paramater of the structure or if it derends also
uron the share and distribution of the carbide oarticls or uron comno-
sition.

It has be-in shown(1l3) that from very small strains to strains
of about .4 the stress required for flow is related to strain in the fol-
lowing way:

K() (-5)

where C is the stress, ' , the strain, X, a constvnt, and m a fructional
nower that depends only upon carbon content and strength (and to a minor

*The word "strength" is used to desienate the level of the stress-strain
curve as measurod by the stress required to Produce some small suecified
Plastio strain. It referR to that part of the flow curve beyond the re-
gion of initial 1Tieldinr.
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Sextent on alloy content). Typical. curves in which the stress ie plotted
• @ as a function of the strain on a logarithmic soale are presented in Fig-

ure 27 for an alloy steel of several strength levels and having a tempered
martensitic structure. For the specimens yielding inhomogeneously the
power relation begins only after the strain becomea greater than the lower
yield strain.

In Figure 28 the variation of the exoonent m (the strain-harden-
ing exponent) witlh strength and carbon content is illustrated for a series
of plain carbon steels, Even though the steels had a wide variety of
metallurgical structures, the strain-hardening exponent apoears to derend
orly uoon the carbon cont'.nt and strength level*. The strain-hardoning
exponents for alloy steels in general appear to be slightly higher than
for carbon steels(163). Insufficient data are available, however, to
establiah any definite relations among tho small effects of individual
alloying elements. Thus, to a first approximation, strain-hardening de-
pends only unon the strength (which in turn deoends only uoon the mean
ferrite path). Carbon content has some effect and alloy content a minor
effect in increasing the strain-hardening at a given strength level.

As has already been mentioned, the relation between stresp. and
strain piven by Eouation (3-5) extends only to strains of about .41. It
has been found that for Pteels the stress is a~oroximately a linear
function of the strain from about the strain at the maximum load (T of
Figures 22 and 23) to the fracture strain(l49). The slore of thiq 'sart
of the stress-strain curve is referred to as the strain-hardening modulus.
This linear relation between stress and strain may be purely coincident:al*,
resulting from the modification rf the power relation by orientation
effects that depend upon tie na;ure of the deformation(163). This effect
will be considered in detail later, Even so, it is frecuently desirable
to kno,-, the relations between stress and strain in this rcrngo of straino.
These relations are given in Fignres 29 and 30. In Figure 29 the strain-
hardening modulus is plotted as a function of the stress intercept (i of
Figure 22) and. in Figure 30, the maximum and minimum moduli obtained by
heat treatment are -slotted as functions of carbon content.

*This relation ales only to tý4mer steels. WTWre is reason to bo-
loeve that steels having an untemrered martensitic structure behave
dif f erent ly.

**It must be remembered also that after necking begins the stresses are
no longer uniform In the necked region and the meaning of granhe of
avera stress versus strf~in is not Drecise, (See discussion of Ten-
sile and Related Tests in Chaptor IV)
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Fracture

Just as the flow stress derends unon the metallurgical structure
through the mean ferrite ¶ath, the fracture stress appears to be connocted
with structure by means of the size of certain structural elements. It is
well known that the ductility of steel denends unon the amount, distribu-
tion, and size of inclusions and hence, depends upon the amount and direc-
tion of hot working. It is also known that in the case of temPered marten-
sitic steels, that the smaller the carbide narticles the higher is the
fracture stress. The suggestion(161, 165) that the tensile stress reoulired
for fracture depends unon the average size of imnhomovenrities crojected in
a clane nernendicular to the apnlied tensile stress, explains, Qualitatively
at least, meny of the observations and offern a picture that is helnful in
internreting nuzzling data. In the case of steels, both the inclusions and
the carbide particles are operative in affecting the fracture stress. The
size of the inhomogeneities considered in a ulane peroendicular to the ap-

plied tensile stress changes as deform!tion nroceeds, giving rise to a de-
cnendence of fracture stress upon deformation. In the rolling operation,
for example, in which the inclusionc are aligned in the direction of rolling,

the fracture-stress curve for loads applied parallel to the rolling direc-
tion is raised, while that for loads applied transversely is lowered. If a
single sample of steel is considered (the inclusions constant), the fracture
stress should depend on the size of the carbide narticles: in the case of
temnered martensite on the size of the carbide spheroids, and in the case
of pearlite on the largest dimension of the carbide nlates*. During de-
fonnation of temnered martensitic steels the projected size of carbide

4t particles (in a plane nerpendicular to the applied load) does not change
tip, appreciably as the deformation proceeds inasmuch as the -articles are

spheroidal. In the case of oearlitic steels, orientation of the ccmentite
dlates occurs during deformation and alters the fracture stress markedly

as deformation proceeds. (Figaro 31.) For deformation in simple tension,
this orientation of the cementitu elates results in an increase of fracture
stress in the direction of the applied load and a decrease in directions
peroendicular to the load. This anisotropy of fracture stress is important.
As will be discussed later, many experiments illustratinp it have been
nerformed.

j The imnortant difference between the fracture-stress curve of

temnered martcnsitic and of neorlitic steels Is illuetrated best, but
indirectly, by the results of notched-bar impact tests, which are dig-E cussed in the forthcoming chanter. The fracture-stress curves cannot be
measured directly excent in certain snecial circumqtance'. However, for
pearlitic steels, which, as we shall 6ee, break brittlely in simTle tension
at low testing temperatures, the fracture-stress curves may be deterinined
indirectly(l6). Thus, if specimens of a nearlitic steel are first de-
formed various amounts at room temnerature and then cooled to a temnrrature
go low that they break brittlrly, the fracture stress (at the low tempera-
ture) may be determined as a function of the deformation at room temnera-
ture. If it is essumed that the slope of the fracture-stress curve is

*Bainite will be discussed later.
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independent of fracturing temp erature, the fracture-stress curve at room
tem-nerature can then be constructed.*. It is imnortant to noint out that
the se-oaration of the flow and. fracture stresseri at a strain of about .01
has been found in this manner to be only about 10,000 n).s.i. for several
p~earlitic steels(1E6).

The fracture-stresg curves of tem-nered. martensitic steels cannot
be determined even by this indirect method, for if tVhese steels have suf-
ficient ductility to -oermit deformation at room temrierature, they do not
break brittlely even at very low testing temTreratures. H~owever, a-, will
be show,,n,, the. mere fact that tera-ered. martensitic steeýls do not break.
brittlely under t'hese severe conclitions is suifficient evidaence tUhat their
fracture-stress curves are much less depuendent on strain than are the curves
for paltcsteels**. Schematic fracture-stress curves for stee-ls of
nearlitic and of temnnered martensitic structurep, are illustrated in Fig-
ure 32.

Becauq.e the -fracture str-ýss of rearlitic (and bainitic) steels is
dpr;ýnd.ent uron strain, the effect on thieir fracture-strer-s curves of changes
of structure. are narticularly difficult to dcte-rmine by the usual tensile
tpqts. If the st rain to fracturt- (rcduction of areýa) changes dune to chan-es
in n-tallurgical structure or- in test conditions, it is difficult to deter-
mine i.fsether the share or the level of the 4racture-strast curve has been
c'hanped or wh~thv-r the chiange. in measured friacture stresr! is due simnly to
t'hi change ;n flow qtre-s. '-oe~,certekin Prenpral conclueýions mhT.7 be
arawn. r'or examnnle, as the streng-th of (eutectoidal) -nearlitic steels is
increased by decreasing the carbide -olate~se-naration, the observed fract-ure

S stress .n sim-le tension increases faster than does the stress reqnired. for
flow(lr4). The only exolanation. of this is that the fracture-stress curve
rises as the structure changes from coarse to fine voearlite. The prior
austenite grain size app~ears to have a definite effect on the rroverties of
,oearlitic ste-ls(170). The finer the grain size the high-er is the fractur3-
strenr curve (and p~ossibly the le:ss is its Slone). Perhars this increase in
fracture stress may be accounted for by the decrease in maximum. dimension
(length) of the cementite plates with decreasing grain size.

If it assumed that the fracture-stress curve of tem-pered mart-n-
citic Gteeýls is nearly independent of strain, the observed fracture stresses
in the tension test of these steels at several strength levtcls have sp~ecific
m~eaning-, even though t'; istrain be-lore fracture' changep. In Figure 33 the

*Othe~r !rtosof deter.nii.ning the fr.:;ct'ira streýss as, a function of deform-
ation based uron theý uice of notcN'ed bars haveý, been used UF7, 169). Th'ese
methnoes havcr been qubjectee to critici-m(lf:9).

*t*At strains larger than th,ý frazctur,- strnin th~l fracturc, curves for -nearl-
itic and for tomnoerr~a marteý-nsitic steel:Qs having, similar flow curves, mu-st
apnrroach Pach oth,-r.
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- fracture itrength of a ateel having a tempered martenuitic sltru~cture isI plotted as a function of the yield strength. These data indicate that the
atrength <ry is related to fracture utrength(rf in the following manner
(163):r-

ClK (0rf) 2  .6

The value of~ K depends upon the quality (inclusions) of the steel
and the carbon content. Meagre tensile data (borneý out by morp comniete
notched-bar reraulte) indicate tha,,t the fracture stresn for a given strength
of tho steel increases as the carbon content decreasea. Since for a given
flow strength (or m,?an ferrite nLath) the sizo of the carbides are larger,
the hiph'ar the carbon content; this r-lEition Is consistent with thý concoent
of fracture exnressed above. At any rate, the strain to fracture in simple
tension Increases as the carbon content decreases. This increase in frac-.
ti.re strain may be accoi,,nted for by a decrease in the slone of the flow
stress curve or by aii increa!ne in fracture strea.s as the carbon content
decr,?aset3.

The relation riven tn Flauation (3-6) applies only to tclmi)erad
martennitic steels. Th(-re is reason to bilieve (CharterR IV and VIII) that
the f rac ture-_stress curve, of unt _mnrtzd Tnartonsita decreasen much more
raridly -dth th,ý initinl. -nr'-ciritat ion of crtrbide than does tho flouw stri:ss
curv(ý. 'The- first Introduction of the, carbide rnarticles may cause. a marked
dccr,-qg in frocture stresq. During. subsocuent temnering thý r,,L't ion bo-
tw'-n flovw end. frtcctiire stresee n-orear to b.o giv-n. by Ec'uat ion (-)

Another metallurgical variable that may have a marked effect in
lowerine, the f racture-. stress curve of steel is hydrogen. This hydrogen
Is Oissolved In the met,.'l during mrelttng or treatment. "he rnolubil~ity of
tile hydropen tn ferrite i,; lou~r and it rresumably 'prectIitates as a Pas,
inducIne interv'ijl rur~turev*, These rivotures may act in the samte ~'Oy as
inclusions !n lowrrinrg the fracturte stress and may reduce the d~forrnation
bnfore fra~cturo.

Thit. fnrlotirF noronrrtlies of' ste~l der-end to a gr'-at ext ,nt on one
other vntrl.2tior' u: qtructur, that ciin occur during normal heat trtý,tm,'nt.
The rnrecivitatjon thj-.t res-ilts in tem-oer brittleness does. not markedly
aff11ect the flev'-.strees curves but alters the fracture-strass curves pro-
foundly. Thio preclititatj'.Ln can be inade to occur in steels having any
m,)tal~lurgical structure. Th)erefore, the affect may be Imposed on any tynpL
of' fractur>-qtrý us curve. hom effe.ct of the rr-ciritate on a stteel having
a temrered mart.-nsitic stricture- is -Illugtrat.'d Bch matically in FIpurv 314.
Thi. nrec ir~itatc! lowers the- fr.-ct'ui, rtr(vsp at s'nL2 1 strainls aýnd flo, as will
be st-n, induc s britti f- ilure in not-ch~d snEcim 'n!: -ven -it r,?latively
h lgh t 9 qtln g t : rome ratu r q . In -.xtr-me casos the frfctiura-struss clurve? is
lowered sufficiontly to cause a rfeductior In tho strnin to fracturo in the
t-onslc tont.

'-cPhdoe and its t~mbrittlovnpnt of Ate-,l tire, review A
in a-verall rubliciition-i(17l).



Effeats of External Varisblei

Com-olex Stresses

In many engineering anrlicationz the stress distribution is
comilex; metal members of engineering strncture.s are not ofte. subjected
to simnle tennile stresses. Even if a metal nart is subjected i.o a simole
tensile load, stress concentration arisinr from shar-o corners and cracks
render the stress distribution quiit comrnlx. Often, therefore, it is
necessary to calculate the flow or fractur'i qtress of o metal under stress
combinations morp comrlox than that; of iir-nle t'lrnion. T'his problem is not
one findinp how the flow or fracture otrpfs chanr,,-s with deformation but only
of finding the mnditions that govern fhD, and fruftur,.e under a specific
stress pattern for a fixed amount of deformation.

.g d Flow*

Many hypotheses have be-n advanced as to the conditions under
Ohich nlastic flow occurs under comolex strfuss patterns. The concent thc..t
yielding occurs when the so-called "energy of distortion" reaches a critical
value is Drobably the most nearly in agre('ment with thc observed data(173,
174). If a metnl is lorded under any comnlex s.ystem of strnssos it will
flow plaetically when:

(• x OY) z• (X •• ( T)• K. (3-7)

wherex, •yJV, are the three *orincioal stresses and K is a constant.
All then that it necessary to know is the value of the constant K, which
may be determined by measuring the stress revired for *olastic flow under
a known combination of stresses. For example, sunoose that the stress r--
auired to -oroduce some snecified small amount of nl..stic deformation of a
steel in simnle tension is l7nown and it is desired to find the tensile
stress recuired for floi, urhen tý ) metal in com-l,'.tly constrained from
n]astic deformation in onp laterrl dir-ýction. From syrmmntry considera-
tioni it cnn be ".een thefit comnlete lpteral constraint is obto.ined '-hen
the annlied tr~nwversr ýtrrc!s is Pxfctly ecual to one half thý longitudinal
strese**. In the case of flow ln simole tension:

K 7 (,:-2 (2-3)

*Pi•cussions of the effects of comnlex streoseq on yieldinp, and flow are
r•reeented in severt-I trectises(lC1l, 172).

**UInder th' conditions of constant volume.) a metal. contracts 1/2 as much
laterWl.y as it extends longitudinelly. A transvers- stress of 1/2 the
lonagitudinal will rrewvnt the literoal contraction.
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where the surerecript ' rrf.,rs to initial flow, In tho case of a single
lateral constraint:

K 2((d' )2 2 (' ~yc)2 - 2(('xc) y(c) (3-9)

And since:

Ifry c _1/2 (xc, -o

K = 3/2(0:T'xc)2 (3-l)

where the subscrirnt c refers to the constraint conditions IAmnoed.

Flow under these conditions will occur when:

2( /X) 2 = /2 ( . xc) (3-12)

or-

(dXc} f 1.15 (!)(3-13)

Thus, the tensile stress rtuired for initial flow when a spec-

imen is constrained from rlastic deformation in one lateral direction is
fifteen rer cent higher than the stress recuired. for nIaetic flow in simnle
tension.

Other more comrlex cases may be comruted from Ecuation (3-7),
'" which is very nearly in agreement with the observations for almost all

metals. During the inhomopeneous yielding of some steels, it is nueRtion-

able whether or not the expreqsion given in Ecuation (.3-7) precis,:ly fits

the facts(175). It is certainly sufficiently aocurnte for most enpineer-
ing arolications.

Irac ture

Th" crit,'rion for fracture under comp0lex stresses is very dif-
ficult to formulate, for the ta.nsil, stress required for fracture is a

function of the amount and tyre of deformation nreceding fracture. Therp-

fore, in any series of experim-nts in which the strain before fracture

chanres as the t.yne of lo'ding changes, the fracture stress will vary but

not necessarily because of the chane in tyne of loading. Combined stress

tests have been Derformed (IL,176) on hollow tubes of various tynes of

met. ls, includinp sin,•l. nhase alloys such as corer and brass -,hich should
show little dependence of the fracture stress on strain. These experiments

indicate that for a given metal, fracture occurs whrn the maximum tensile
gtr•s•s reaches a critical value indtTrncndont of thý' magnitude of transverse

stresses. Furth;;r, results of notched-bar imnact tests indicate that the

fracture stress-strain curv, is not affected by a single transverse tension.

Tn general, the law that fracture occurs at a fixed tensile stress can hn1d

only for a metal deforned a given amount by a given type of deformation, for

the fracture stress is denendent unon deformation and is anisotrovic.
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Com'olez Strains

The discussion above is concernedk only uith the stress reouired
for initiating flow or for fracture under any narticular combination of
stresses. If a metal is deformed under comnlox loading conditions, it is
often necessary to know how the flow and fracture stresses vary with the
deformation. In thin connection, it Is interesting to discover the effects
of reversed strains, such as tension followed by comoression and of torsion
followed by tension, etc. A comoaratively large amount of information is
available concerning the strain-hardening in the most general types of de-
formation but fracture studies are extremely difficult and have been sadly
neglected.

Tielding and Flow

It has been found t1het there exists a generalized expression for
the flow stress and a generalized expression for the strain* that are
uniquely related for the deformation of most metals, at least for moderate
strains. The formulation of an unique relation between stress and strain
assutmen that strain-hardening is isotrooic**. Divergences from the unieue
relation between stre!ss and strain are, therefore, reflections of anisot-
ropy. Generally speaking, however, such rnisotrony effects are not imnor-
tant in engineerinp design and are interesting Drimarily to students of the
behavior of metals. Purthermore, the comolex exoressions for the general-
ized stress and strain are in themselves not easy to apnly exceot in snecial
cases in which the strains can be obtained from geometric considerations

S4 alone.

It must be remembered that strain should be defined in the Ludwik
sense, that is, th- length over which the strain incre-rent occurs must be
vrorerly chos6en. "'ith the strain defined in this manný:r, th. apnroximate
i'otrony of strain-hardenin,_ nrmits the nimrle addition of generalized
4train. 7or e-mmnlo, qu-nose that a metal is strained in comer.,ssion to
a strain of .2. If now the comnression is followed by a tensile strain

* f nd the metal is roturned to its oririnal shaio,, the totea strain will b'?
.4 and the strain-hardent ng will be very neerly the same as if the total
strain had been a simrle comorescive or tensile strain of .L4.

To illustrate the relations between gen,:,ralized stress and strain
and the range of strain over which they are valid, a comnarison can be made
between strain-hardeninp in tension and in torsion. In this particular
case the tensile streis T and strain C in the tensile case are related to
the generalized stress (0 ' and straint1 by the following equations(l6l):

*These relations are presented and discussed in a recent oaper(1 6 1).

**It is al~o assumed that the energy of distortion criterion is applicable
to plastic flow. As discussed above, this criterion has been shown tk,
be very nearly in accord with the facts.
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C,' (34/2e. (Tension) (3-14)

The shear stress, S, and. shear strain, s, in the torsIon case are rela.tel

to the generalized stress and strain by the following ecuations:

(Tr.e rion) (-~

Therefore, the stress- strain. curves in torsiorn and tension should be corre-
lated! an follows:

Accoreing tc this vievmoint, If the ten.sile .3tress is divided by and the
tengilp strain is npiltilolieed by the square root of three, the res'ilting
strain-hardening curve should siroerinm-ose on the curve fbr torsion if t~he
material I- isotro-oic. In Figzures 3J5 and '36 loparithm-1c curves of this
tyop are onlotted for a tem-ored martensitic steel and for a nDearlitic steel.
The diverg.ýnce betweeýn th,- tzansile and torrion cur,,-n occur-, stocn-'Žr for the
*oenrlitic than. for the t1emnered nartenc-ikic steels, *cossitly ind~ioating
that orientation of inho~mogeneities at la'rge strains modifies thne stress-
strain reln.tion for flow -as well as for f ractu-ire. This orientation e'fe'ýt
m.,y Five ri~se to the linenarity of the tensile stress- strain curve for la_,e

A~ strains. 110wever, the tensile and tors~ion curves agree ,-,- t~c moderate'
strains, Tbus, tensile stresg-strain curves may be. utilized to detern-I1 E;
for small strains, the strain.-hardening characteýristics A9he-n the strain is
othar than a simrie tonsile strain. Further, because of the a-orroximatte
ic-otrcpy of strain-hardening, the stri-ngthen'ing arising from any combina-
tion of strains may be computed if the strains are -orc-c=_rly defineed anid. V
sing-le flow-strcss curve is iamoý-rn.

In the case of rcversed strains such as teriion -followed by con-
oression, it is found that the stress required. -for the initial -olastic
flow follo'-ing the rev'3rsal (initial flow -in compression) is always lcws-1
than would be poredicted by the flow-stress curve. After z:n initial tens'ý;2e
defoivnation, the aonnlication of a comrpression load causeq nolastic flow to
occur almost immnediatelyr urion the ar~~aino h od n h lw

strezss curve is curved almost from zero load. ~aft-r a com-oaratively,, small
amount of rla~stic deformation, the flow-, curve b~comes the same as that for
co-moressive deformation not follorin.- tension. Thir bchavior has been
studiiid by -.-,ny -Inv3,ptigators and is referreed to aq the Sauschinger elffpct
(179-'. Theý effect arises from. vn'riations on a -Acroscoiric ncale of the
stress recuired for rlastic flow. 'Buring tensilz-e eforrmntion nlast Ic f low
oncurs In -mome regions of the matnl at low~r streso thlan others. Rc-mevnil
of the loal. leýves in comonression those regions that f~o",'~d rt thc lo*,,r~r
stress. 1If now a comvoresaion follows t-nnion, the rog~ont of' themtl
thrt r-~r- lpft In com~rorpssiAon will y'ield at - low vr.1'ixe of thAle aven~ge com-

-orp'ssion strekso. A low temoe'-xitre hen't-trertm,,nt or P. little orlnstic. flew
wrill r-imovn thr stress Doea'-- a'nd the Bauschinger ýTfe~ct.



The Bauschinger effect is conn~ected. with the anclaptic effects
(103) mantioned earlier. Another example of anelasticity in the e~lastic

S after-effect(179). After a mctal has been deformed and the load is re-
moved, the specimen retrac~ts immediately to 3ome extent. The r oi:e
continues to retract slow.,ly until the total anelb'stic eeformr~tlon is re-
lieved. This graduial contraction after rezroving a t--nsile load is known
aq the "elastic after-effact". It is connected v-ith the relief Of st rat-13
on a microsco-pic scale by "relaxation" effects. If- these micro st -.-ssiws
are not given time to rela-x, then an application. of a reversed load glvres
rise tc a Bauschinger effect. At room tempe~rature the microstresses re-
ouire very long times for removal. A low temperature heat-treatnent ~~
acce'lerate the -process and cause the disanTrearance of at least r- nart of
the Bauschinger effect.

Ftacture

The available evidence indicates that f~racture occ-ars in a given
airection- for Eny given metal -*hen the tCensile stress in that direction
reaches a critical valuo. If fractiure does, not o~ccur 'but -nlastic flow
takes iplace, it is knownr that tht- stress reo'iirepd for fr.acture changes n-n~d
clnan~e s differently In rvery dir'nction. Thu-z, the effect off defornmation
on the tensile stross rcvquired -for fractnrLe is a-nisotro-oic. I'o g',nera1.
la-ws have been n-oroosp.,. r-3latinp- tie va.Vi1tion of fracture stress with de-
formnetion. In Oact, since, the ~ dnoof fract-ure stress on dfra
tion vsrie1:s -ith metpallurgical -structure, it Wouýld anyvear di-ff-icult to
form~ulate -7-enieral laws. Specific e:-amrles w.ill -orobably serve -as t~he best
illustrations of this denendence of frpactlare stress on deformation.

Fixoeriment-s have been -oerformed(19O) that indicate thnt if a
nearlitic steel is first twistet; and then deformed i*n tensl.on, fracture
occurs in tension nct on a plane perpendicular to the Ln-plied stress but en
a helical plane that was under comuoression during the torsion. T7h-e con-
cenot of the orientation of inhomogeneities iz quite consistent with tuhisz
behavior(161). An the deformation in torsi-on poroceeds, the inclusions
and the cementite plates of the pearlite t~~nd to become orie~nted toward
the helical coumnression surface and. the tinsile stres~s necessar.- for frae-
ture rernoendicvular to this polane is reduced. Thus, a srecimen dformcd In
torsion may, if then deformed in si et ension, breal: on the helical. Ear-
fLace that was undcr comnoression in the tor-sion test'. If afgter twistin.& i:l
torsi-on, the .specimnn is unt-.,isted, th-.- inxhomcgeneilt-IFR ttend to revert tcý
their oriprina]l configrtratluioyns. On su'ose~raent tension(190) the fracture ::

verts to a tynical cixo-cone and the strain -to tetnsile fracture incri-.afý.
The untwisting does furth-r t rain- harden the steecl. It atmears, teeoe
that the fracture stress does not do-cend u-non- strain in the way tha~t flow
stress does, but rather denecnds uron, the oricnta-tior. of inhomogon-iti4es
during deforanation.

If a metal is deformed in cormrrnssion the -zitsl etrPAin-%arder=s
as indicated in Figures 22 or 23. Utnless bulging of the specimen omcurs,
however, thereF are no tensile str-esses nresent and fracture will not occur.
Duiring the co".ression of it metal whoge frvcturo, stress 5it very derend~ent1,
unon t ensile strain, the te~silq rtros-, reruired for laracture on a ~n
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toeryendicular to the av-is of the coraoreseion woecimen may decrease as in-
dicated in Firure 37. For comrressive strains greater than (-c, the sub-
seouent application of a tensile lond will cause f.Dlure i ,,ithout deforma-
tion, The presence of the Beuschinger effect mry caune the minimum
compressive strain for nubseauent failure without deformation in tonsion
to be Alightly greater than i c. At any rate, a xearlitic steel deformed
in comrreas.ion should subsequently break in tension at a rmich smallt•r
strain than that encountered in a simnle tension teot of the same m-tal
( t). This Pr,.diction is borne out in exnerim-,nts by r-ýccnt invwstiga-torefigl).

If a oearlitic or temper brittle snecimen is deformed in tension,
the tensile strees required to fracture the srecimen on a plane pe.rpen-
dicular to th'3 axis increases whil.i thp stress reouir,,d to fracture the
metal in 6. plane rarallel to the axis of the s1ecimen decreases. This
decrease in fracture stress sometimes leads to longituHinal fractures in
the tensile test (Chapter IV).

Hot-rolling of steel olates caunen an oritntation of the inclu-
sions in the direction of rollin•r and in a 1ane rarallel to the plate.
It is observed that, even r*fter subpeeoient heat-treatment, the frrcture
stress of snecimens taken from tho elate narallel to the direction of
rolling is hi#.her than for trý:nwveroe ,necimený,, whil; Pnecimens taken
n'.rozendiculmr to the plat.- have by far the loitest fracture str-'vs.

Thr varintion of th-r ý-ffctive size of inhomoeeneltirq in a
nlenp rprnendiculrr to th,- ý-nli.-d tenqil," stress exrolains, ounlitativel.y

4 * at lerst, all the knon vwriýtions of frecture qtross with strain.

Temnereture

The effect of temperature on the stress-qtrain curve, (tensile
or generalized) is twofold. NTot only does an increase in temperature
J~cr-ase the heig.ht -nd chan.ge the share of the flow and fracture curves,
bit changeq in t-'myraturp may also cause chanf-es in -n-tal structure to
occur sir•Iltaneo-asl,: ,ith the deformction. In stee1q, for examrle, a
preciritation nrobably* takes rlace in stralncd matorial at temDoraturt,-
"between about 70°F. (2 0 °C.) and 10O0°'T. (2000C.) that alters the structur
of the steel. Further, if the. t,•rmrature of steel is raised quffici-nrtl.'
the normrl Ptructural changes such as tempering, austenite formation, :tc.
will occur. At high temrmratirps, recovwry and recrystallizatton -lro
occur concurrently with the strain-hardening. Lowering the temner,..tdre
below about 700°F. (200C.) houcver, results only in an increase in strength
writh little nosuibility of the occurrence of transformatlons that Pflect
the structure of the steel. Since the effects of high temrerature on the
stress-strain curves are so comnlex and the ero erimental nrocedures so
difficult, therp is very littlc direct information on them,

*It is not definite that the strain-aging to be described in the followin;
is due to rrecinitation though this mechanism is extremely like,ýly.



Yielding

4 As the temperature is lowered the initial heterogeneous tyve of
• deformation becomes more pronounced. Since the lower ,rIeld stress rises

with decreasing temnerature faster than does the flow curve, the lower
yield strain increases. Furthermore, stepls of moderate yield strength
that do not exhibit the Piobert effect when tested at room temperature
may begin to yield inhomcoeneously as the temnerature is lowered(lg2).

Flow

Only a very few exoeri-ments from which comnlete flow-strpss
curves may be obtained have been rerformed at low temneraturps. Data on
one steel for both temnered martensitic end for nearlitic structureR, at
two strength levels, have, however, been obtained(Ig2). Some of these
data are nlotted in ?it,•ure 19. In the case of the pearlitic steel the
stress 6Ž reouired to nroruce a piven ilastic strain e, is related to
tFmreraturp in the followinp fa•lion over the whol,3 temneratur3 r-ngfo of
the tests,

=Ke q/T(3-17)*

where K and R are constants, a a constant that depends uron the value of
'4• at a given tem-oerature, and T th3 absolute temnerature. Since, as

u.:i.ll be discussed aubseau.?ntly, the tensile strength (Chapter IV) is a

fairly good measure of the height of the flow-stress curve, the variation
of the tensile strength with decreasing temper:.ture is illustrurted in Fig-
ure 39 for ., number of pearlitic steels, These data indicate that:

C
So3/ (3-19)

where C is a constant and So the tensile strength at 70 0 F. (20 0 C.). From

this ex-ression the variation of the height of the flow-stress curve (in
this case the tensile strength) with temperature may be estimated. A
chart showing the v-rie.tion of th- tensile strength with temperature is
rresented as Figure 4O.

"For temnered martensitic steel, eouation (3-17) holds but the

vwlue of o apnears(12) to change abruptly at about -75oF. (-60o0.). Re-

cently, data illustrating the effect of temnerature on the cenile strengths
of temnered martensitic steels have bepn obtained(lh) thet also show a
discontinuity in the vicinity of -75° . (.600c.).

It aniopar6 that for all metals there are two oistizict ranges of
te.'npratnre in which the den~nýenc- of the flow-stress curven on temner-
ature is widely different, There are very few data on the variation of
the stress at Amall stre ins for Rteels over the whole range of temperatures

*Th, lor-r•r rield strength is rAlated to temnerature in the same manner L,,

the value of q is larger.
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from very low up to 1300°F. (7000C.). Figure 41, which shows the depend-
ernce of the torsional streneth* of several pearlitic steels, is tYpical,
howevir**. In both ranges of temerature the stress required to *roduce
a given plastic itrnin varies with tempeerature according to Equation (3-17)
but the value of a it widely different above and below about 650 0 F. (350 0C.).

The oresence of these two rogione of temuverature rroduces a curve of the
type illustrated in Figure 142 whon the flow stress at a small. strain is
Dlotted directly against temperaturu***. In the case of steels thp stress
r'ouired to produce a small plastic strain varies with temperature in this
way, but as discussed blow, the stress at larger strains decretýse;, in-
creases, thon decreases as the t'mperature i raised above room trmp,?ra-
tur-.

Ls the temnerature Is decreased below Nov. (200C.) the slope of
the entire stress-strain curve increases more ramidly than if the strength
wern 1.ncrr.sed by heat-treatment. Both the strain-hardening exmconente** and
the strain-hardening modulus increase, in steels of all structures, whereas
when the strength is increased by heat-treatment, the strain-hardening ex-
Snonent decreases.

If the temnerature is raised above room temnneratur? the slope of
the stress-Ptrain curve for Rteels at 'irnt decreaqes, but at temneratures
of about 1:00°O. (20?OC.), it begins to Increase (at strain rates of thp
order of 1O- eec.- ). The stress-strain curvpe obtained at higher tomper-
ature m ctivlly cross tho,;- for lo',r'-r temoeratures(ig7). As has been
oointed out earlier, th- stress recuired to oroduce a smF.1l plastic Str'On

4 decreases continuously with incrnasing temrorature. This effect of defo-'ma-
04 tion and tm-oez'rntre is illustrated schematically in Figuie 43. Concurr,2nt

pith this incrense in strein-nardening thr: itress-strain curves become seŽr-
rated and arnarently consists of consecutive small inhomoeeneous deforma-
tions. This phenomnon is connected with the Piobert effect. It is knowqn,,

*The maximum torque reached in the torsion test (a measure of stress re-

auired for flow at moderately large stressee) is generally called the
torsional strength.

**The Plight rise in the curve above 400 0F. (2000C.) is due to an increasi,

in strairf-hardening possibly due to precipitation, diqcussed in the fol-
lowing pages.

***The slight inflection in the cui-ve has been attributed to aging, in
the case of non-ferrous motals(ig6).

****This increase in strain-hardening modulus has boon observed for many
steelR and is renponuibl,ý for the increase in rer cent elongation to
fracture often observed as the toirperature in lowered (Chapter !V).
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for examplo, that if a steel having, a dron in load at yielding is deformed
by an amount greater than the lower yolAld Toint, ainc at room temrprature
,,III coupee ths recurrence of the Inhomof-eneous ,kie''Iinp(l1). This serra-
tion c-n be exnlained if orecirilation of carbide or nitride is taken as
the mechanism of strain aging. At ).(evsted teoneraturr's nreuinitation can
occur more ouickly, causing a rearnvearance of the lowrr yleld phencm,-enon
and an increase In flow strength, The continuation of deformation and pre-
ciritation rewalts in a serratad stresp-strain curve(I.7, 1,90). iAbove tem-
peratures of about 7000F. (350°C.) the strain.hard(..ninge decroases contin-

uously with increasing temnorature.

Fracture

Because of the vartition of the frrcture stresq with gtrain,
littlo can be said about the cffect of teraiperature unon it. However, by
fInding both the variation of the ordinarily measured tensile properties
with teomerature (beloe., room temperature) and the effect cf deformation,
recent invostipatoro(166 , 192) were able tc determine sarnroximately the
effect of terinerature on the eir-ht of the fracture-stress curve. The
effects of tem nerature unon tLe flow strength, 'non the fracture strength
(at different fracture strains), and uvon the strain to fracture (reduction
of area), in sim-le tension, are illustrated in 7igure 44 for a pearrltic
steel. In Figure 4 5 in illustrated* the variation of the fracture stress
with strain, obtained by deforming spocinens various amounts at room tem-
perature and breaking them at -33)0F. (.1900C.). Prom the variation of the?
redactton of area (fract'ire strain) of Figura. ý4k and the effect oF thig re-
duction o• area in increasing the fracture qtrei (Figiir L15 ), the 'stress
rpauireýd for fracture rt any temneraturo may be dietermrnýid**. In Figure
4ý the variation of the fractur-, stresp at a strain of .01 with temnorraiture
is also rlott(:d. It is evident thitt tVe fra.cture qtrrs varies with tern-
norature according to To'uation (0-17) but the vw,.ue or a is amnaller thpr
for the flow stress at the saare !Atrnin. Thus, the frctuiro-stress curvo
ris•s with decreasing temnerature but less rýpidly thn does the flow-
stress curve.

In the cn, se of temnrorea mertl:nsitic steels for .,rhich the depend-
ence of the fracture stress c',)rve on strvivn is assumed to be small, the
annroximate variation of the height of the curve may be obtained directly
from the tensile test dat,,. Such curves are rresented in ?igure 46. In
this case we tee thet the fra.ct-;re curve rises less rapidly than the flow
curve and there is a discontiruity at about -750F. (-600C.). The cause of
this abrunt change may be probably vssocioted with a change in type of
fracture(1i3).

*These eroeriments were also -erformed by another investigator(192).

"*In calculating the fracture stress at a constant strmin it iF assumed that
the slone of the fracture stress vs. reniuction of area curve (Figure 45)
Is indemendent of fructuring temneraturps. The independence of the frac-
ture-strers curvo fractiirr t1mnratu.-:_c (below 70OF.) has not b.een demon-
strated(193).
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Rate of Strain

SExtremely large charin es in strain rate are necessary to induce
even small changes in the flow stress curves. Relatively few researches
have beqn performed covering a sufficiently wide range of strain rate to
'ermit definite conclusions as to the exact ouantitative relation between
the height or shane of the flow-qtress curve and the rate of strain. A
limit to the maximum strain rate that can be ennloyed for such measure-
ments it set by elastic vibrations and by inertial effects induced by
Imnacting snecimene at high velocities(1914). Tests performed at high rate
of strain must, therefore, be analyzed with caution.

Yielding

Increases in strrin rate raise the lower yield strength faster
than tho flow curve. "'he lowrr yield elongation increases as the strain
rate is increased, as it does when the temperature is decreased, It has
been found that the effect of strain rate on the lower yield strength can
be exprossed by the following relation:

,,K(,)n (3-19)

where 6'is the stress, (5, the rate of strain, K a constant and n another
constant that derends upon the strength of the steel (at a fixed strain
rate) (197). Other relations between strain rate and strength that appear
to fit the observed data almost as well, have been suggeatod(195). ince,
however, the effect of strain rate is so small (the power, n, is small) it
is difficult to determine which relation is correct.

Data illustrating the above relation between the lower yield
strength and 4train iato are plotted as Figures 47 and 49. The higher the
lower yield strength initially, the less is the effect of strain rate (the
lower is the strain rate exponent).

Flow

The flow stress (on the risingrartof the flow-stress curve) a•-.
rears to increase with strain rate in the same manner as does the lower
yield strength (Eouation 3-19). The strain rate exponent is leas for the
flow stress than for the lower yield strength (for steel of the same strength
level). At large strains the stress recuired for flow arrears to rise
faster with strain rate than does the stress at small etrains(182). Thus,
the effects of increasing strain rate are similar to the effects of de-
creasing temnerature. As the strain rate is decreased (at say 70°F.) the
slore of the flow-stress curve first decreases, then rises again(lS7) and
then f-drther decreases. This increase in the slone of the flow-4tress curvc
occurs in exactly the same way as when the temperature is raised (strain
aging). The ntress-strain curves are also serrated(ig7).

As the strain rate is increased, the deformation tends tp become
adiabatic; the heat generated by the plastic deformation does not have time
to dissipate. At large strains the adiabacity results in an inore- me in
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temperature of the eanecimen, which generally causes a decrease in the
height of the flow-street curve. Adiabacity of deformation frequently has
imrortant consequencee(l2, 199).

R ~ Fracture

The effects of strain rate on the fracturo-strese curves have not
been determined directly but, as will be seen in the following, it anoearu
that increasing the rate of strain is oualitatively cquivalent to decreas-
inp the temperature.

R,?lation Between Effects of Strain Rate and of" Tomn-rature

One example of the oualitative equivalence bttwaen the effects of

strnin rate and tempnraturl, ia illurtretod by tbeir effects on tho strain-
aging nhenomenon. As the temprature is increased the flow str-se at large

strains decreases, then increases due to atud.in-aging, aad then decrev-sep

a,7,ain. The vriation of the flow stress curve with strain rate is analo-
gous. This rlation between the effects of strain rats end temnerature is
illmetrated in Vigure L9. The higher the strain rate, the hipher must the

temrerature be to induce apnrecitble *recinitation and the higher in tem-
nerature is the "humrn" in the tensile stronoth* vs. temnerature curve.

A ouantitative(11, lS) as well as a oualitative relation(199)
between the effects of temoerature and strain-rate has been suggested.
The nuantitative relation iA. of the form:

6f :- k( o, o Tn (3-20)

whkr' !!, is the stress at a ,-iv,'n strain, a th- strain r to, R and k con-
stants and Q and n constants that depend on the steel. ."iis relation was
'ronoapd only for that range of tem-erature and strain rate in which no

changes of metallurgical stricturr occur. It is to be noted that if
Athpr the temocrature or the strain rtte is constant this ocuation is
ocuivalent to Equation (3-17) or (3-19). The sienific~nce of this rela-
tion is thi't tho stresa recuired for olastic flow depends only upon the
parameter:

P Q,/ RT(3-21)

and not uoon the strain r,.te end termnerature inderendently. Thus, a giv,,n
stress may be obtained at P high strain rote and a high temnere-turo or at
a low strain re-te and a low temntur•'. This rel.ation for flow has been
tested(lS2) over v. wide ranze of temoerature and a narrow range of strain
rate**. In Figure 50 the flow, stress required to produca a small strain

*Thr tensile strength is a measure of the height of the stress-strain
curve at modcratte strains and reflect the effects of ntrain-aging.

*It should be nointed out that this relation holds only for isothormal 1.c-,
formation or for smp.ll strains.



is niotted as a function of the naramater P. The constant Q was found to
4 . have the value of about 10,000 cal./gm, mol. for the several steelsinves-

. tig'tted. At least to a first avnrozimrtion, Wiuation (3-20) an-nears to
describe the relations betweeen flow stress, strain rate, and tem-nerature.
Thuq, the phare of the flow-stress curve is eanected to change with in-
creasing strain rate in the same way that it does with decreasing temner-
aturn.

It has already been rointed out thrt the temnerpture of maeximum

atrain-apinp deo'-nds unon the rate of strain. The relation b,'twen the
temnooraturn and the strain-r-te for maximum strain-rging is given by
Euaition (3-2l), vs illustrated in Figure1 51.

Firare 52 illustrates the ecuivalence between ntrrin-ratc ,and

turmerature. This chart may find. practical use if it be assumed that the

value of 0 lies between 5000 and 15,000 cal./gm. mol., within which limits
the valuehas been found to lie for the steels which have been tested*. If,
dPy it is known that a change in temnerature from 70N . (200C.) to -75°F.
(-6000.) induces a change of flow strength of 10,000 p.R.i., a steel having
a 0 of 10,000 cal./gm. mol. would recuire an increase of strain rate of 0o3
to produce the same effect.

At higher tempeýratures the're still annears to be a r lation be-
tweon temncrature and ratc of strain necreosary to rroduce :. given strrss.
A giv7en stress is obtained with a given valuo of thc, parameter F: howevcr,
the value of QZ dooends upon the stress itself(177, 193). The change of the
v- lue of Q may be rrlated to chvnges of structure by the el.:vated tempera-

Only one set of exreriments hawn, to have been nerformed from
which the relation between temnerature arid utrain-rate for fracture can be
established. Certain exoerbmentcrs(200), by nir'orming !mnact teets, found
the relation between the temperature and strain rate for brittle Failure.
They found the relation to be -tactly that ,Tiven by Eouation (3-21)
(Figuire 53).

;1hEK valuc of Q has actually been determined only for a few steels.
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IV. 0CANICAL PROPIRTItS

The interpretation of most of the resultos of the standard mechan-
ical tests (the mechanical properties) can be bsesd upon an understanding
of the effects of variables on the flow and fracture curves discussed In
the preceding chapter. When the variables of the tests are known, their
effects on the flow and fracture curves can be determined and the results
of the tests p-edicted. Better Information, particularly with respect to
fracture stress, will permit more accurc4te prbdiction and correlation of
the results of the mechanical tests.

It is almost rlways necessary to know the strength of steel to
be used in heat-treated parts, in order that the stress it can withstand
without excessive plastic flow can be estimated. Also, it is frequently
desired to determine the amount of deformation the metal can withstand

without local contraction ("necking"). The strain to fracture is often
used as a relative measure of steel quality. Thes•,ý properties of strength
and ductility are generally measured in the tensile test. This test, how-
ever, gives little indication of the shape of the fracture stress curve
and hence, little information on the behavior of steels under combined
stressee or upon repeated deformation. The energy required to break a
notched bar (the "toughness") and the variation of this energy with test-
ing temperature afford a relative measurement of the separation between
the flow and fracture curves. Fatigue studies reflect the relative abil-
ity of metals to resist fracture under conditions of repetitive loading.
Sometimes heat-treated steel parts must sustain loads over long periods*;
the required property of creep resistance can be qualitatively related to
the flow curves.

Tensile and Related Tests

The tensile test is most generally used to determine the strength
of metals and to assess their suitability foi specific engineering applica-
tions. It must be remembered, however, that the results of this test eve
only relative, since the test is performed under conditions generally widely
different from those occurring in service. Further, if a steel to be used
under complax loading conditions has adequate strength and adequate ductil-
ity in simple tension, it may nevertheless fail brittlely (fracture without
deformation) in service. Also, the service of heat-treated parts may be
such that transformations occur during their operation and change the pro-
perties of the steel. For example, steels to be used in boilers and refin-
eries have been found to fail because of temper embrittlement occurring at
operating temperatures(201-203). Results of tensile tests must be used
with discretion, for these tests are generally performed at room temper-
ature, slow rates of strain, and under the conditions of an essentially

*More generally, special alloys are used if resistance to creep is re-
quired at high iemperatures.
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uriform lxiiaxial stress. The effects of temperature or' tr&dh rate may
often be taken into account in applying the results of tensile tests to

• mechanical desir.g., but the effect of stress distribution ou the plastic
behavlor and fractre of steels is less easy to estimate. Furthermore,
the effects of all of these variables are interrelated.

Description of Test

The tensile test is usually performed on flat or round specimens
of standard lengths and cross-sections. Flat specimens are usually used
with strip or sheet material from which round npecimons cannot be obtained.
Standard tensile tests are generally carriped out tt about room temperature
and at rates of strain of about i0 sec.'-. Dwr;ing tensile deformation,
the cross-sectional. area of the specimen and the rate of strain-hardening
decrease. After sufficient deformation the stress may increase sufficiently
rapidly, due to the decrease in cross-section, to cirise plastic flow with a
decreasing load. The deformation then becomes localized, and the specirien
"Onecks" as it continues to deform under the action of the decreasing load.
Thus, in the tensile test, the load first increases and ther decreases, as
indicated by the schematic load-e .ongation curve of Figure 54.

The condition for the initiation of localized deformation (neck-

ins) in simple tension may thus be expressed in the following form:

d = o (4-)

where L is the load. Since the load is equal to the stress, C, times the
area, A, equation (14-1) becomes:

d (AV Adl * dA - 0. (14-2)

However, during plastic deformation the vlie remnaina es'sentially constant

and:

d(Al) - Adl i WdA f 0 (4-3)

where 1 ic the length of a omall 6ectlon of the specimen. Combining equa-
tions (14-2) and (4-3), the following resoies

4 d (4-)

"Necking" will occur in simple tension touts, theref6re, at the strain at
which the slope of the flow-Ftrcss curve becomes equal. to the streas at
that strain(20). If, however, equation (3-5) adequately describes the re-
lation between stress and strain in the region of strain in which necking
occurs, then:

d6

M (14-5)

- 72?-

T .... .... . . ..".. .. . . . ...... . o ......... •••,• .. • • •••z ,•• • • . '' '• f '' • " :•' f •Z • ..... • ...• ,!



and upon substitution in equation (4•-4):

-- = m M.( 6)

Necking, then, will commence in simple tension at a strain (•"m)
that is exactly equal to the slope of the logarithnic flow-stress curve.
This localized deformation frequently limits the amount of deformation a
metal can suffer. In many forming operations, the metal "fails" when neck-
Ing begins and the extension becomes localized. After localization of the
deformation the metal fractures. Even though in most forming operations
the stresses are more complex than simply tensile, the amounts of deform-.
ation that metals can withstand without necking can be compared by compar-
ing the strains to maximum load in simple tonsion(163).

After necking commences, the longitudinal tensile stress in the
p ,deforming region of a round tensile specimen is no lcnger uniform and there

exists a circumferential tension and a radial tenslon*. (The radial tensior( • must be zero at the surface of the specimen.) Therefore, after necking be-
gins, the stress in a tensile specimen is no longer uniform or uniaxial and
the stress obtained by dividing the load by the instantaneous area is onlj
an average stress. An att empt(205.) has been made to analyze theoretically
the stress distribution in the neck of a tensile specimen. This analysis
indicates that for ordinary tensile tests of metals the maximum longitudi-
nal tensile stress is only slightly greater than the average stress. The
maximum tensile stress exists at the axis of the specimen, ann, in cases
where necking has proceeded sufficiently, causes the ten:sile fracture to
begin at the center of the specimen(206). The presence of the raiial and
circumferential stresses m.y in some steels induce longitudinal rather
than transverse fractures (as will be discussed later).

The parameters generally measured in the tensile; test are yield
strength, tensile strength, reduction of area before fracture, and elonga-
tion of a specified gage length before fracture. In general terms, the
yield strongth is a measure of the height of the flow-strese curve, or of
the stress required for initial plastic flow. The tensile strength is a
measure of a combination of the initial height of the flow-stress curve
and the degree of strain-hardening. 1he per cent elongation before frc-
ture is primarily A measure of the Amount of uniform deformation that oc-
curs before necking, but is affected slightly by the amount of local de-
formiation (necking) that taken place. The reduction of nrea is a. measure
of the strain at which tho flow curve intersects the fracture curve under
the particular conditions of the tensile tdst. For metalo of the same
metallurgical structure, the reduction of area is an indirect measure of
the separation of the flow and fracture cur4 res.

*In the case of flat specimens the deformation is not uniform after
necking commences and the croas-section does not remain rectangulAr.
The strain then cannot be measured in a practical manner. Measurements
of the strain to fracture are Almost meaningless with flat specimens
if "necking" occurs before breaking.
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Flow Characteristics

Yteld Strength

Thi yield strength is generally mcastirud by determining the stress
necessary to produce a specified total strain (including both elastic and
plastic) or by the stress necessary to prodluce a specified plastic strain.
For simplicity, the strain is usually specified in terms of per cent elong-
ation*. Frequently, for steels exhibiting a drop of load at yielding, the
upper or lower yield etrerss is taken 0.s the yield strength, and is called
the yield point.

The yield strength is commonly determined at strain offnets (plas-
tic str'iins) of .01%, .1%, or .2%*. When steels that yield inhomogeneously
are tested in hydraulic mpcnhines with considerable inertia, the drop in load
at yielding does not occur discontinuously. Under such conditions, the .01%
offset sometimes intersects the upper yield point and loses its significance,
for the uppeor yield point ic dependent upon the surface finish of the spec-
imen, the axiality of loading, etc. In flow stress curves obtained by tests
in other machines, the .01 and the .1% uffset often are less than the lower
yield strain and measure the lower yield stress. Thuh lower yield point
depends not only upon the gross microntructure of the steel, but also upon
the &,mount of nitride or cerbide tlhot is present (perhaps precipitnted st
the grain boundaries). Increased nitrogen contents mry, for example, r-ise
the lower yield strength and increase the lower yield strain. For steels
c2 high yield strergth, the .1 and .2• offsets generplly intersect the
rising 2ortion of the flow stress curve. The yield strergth as determined
at these offsets, therefore, depends primarily upon the number, size, dis-
tribution of sizes, and porhvps type of carbide.

Thcre is little fundamental Liformaticn relating the yield strength
and the structure, and direct correlations are probably not feasible, since,
as discussed in the preceding chapters, direct qi.ýntitative measurements of
structures are virtually impossible, Relations are generally establishcd
between the strength and the treatment necessary to produce the structure,
rather than between the strongth and the structure directly. Since in the
case oI tempored martensitic steels all other properties are similar when
"the strengths (and carbon contents) are the same, such correlations are of
extreme usefulness. The relations between strength and treatment (temper-
ing) may, of course, depend upon composition. The variation of strength
(as measured by hardnets) with terq~erinC treatment and composition is dis-
cussed in the chapter on temperebility.

Tensile Strenh

The tensile strength is determined by dividing the maximum load
reached in the tensile test by the original area. The tensile strength is

*For small strains the per cent clongation in equal to the o;train wul-
tiplied by 100.

I 7

I-



frequently a more satisfactory measure of the height of the flow-stress curve
than is the yield strength, because of the variations in strength that arise

*4 from inhomogeneous deformation and from residual stresses introduced by
quenching or by other forms of prior plastic doformrtion. I=nnut:bdiomonborod
however, that unlike the yield strength measured at small strains, the ten-
sile strength is affected by changes in strain-hardening. By definition
the tensile strength (SO) is given by:

SO0  'ffm Am (14-7)
A0

whereo < m is the stress at the maximum load, Am, the area at the maximum
load and Ao the original area. Further, from equation (3-5):

where (m and GC refeor roepectively to the stress at maximum load and tom y
the flow stress at a small strain •y. On substitution:

so -, m Am.

and (49

ln 0X m(l - n )
so y

Thus, the ratio of the stress (on the flow-stress curvc) at a
given strain to the tensile strength depends only upon the strain-harden-
ing exponent (e m). If the steel exhibits a lower yield stress and this
is taken as the yield strength, the ratio of yield strength to tensile
strength wi.J.l be higher than for steels that yield homogeneously. Thus,
tempered martensitic steels of moderate tensile strengths have higher
yield-tensile ratios than do pearlitic or bainitic steels of the same ten-
sile strength. This difference in the yield-tensile ratio is often used
as a practical indication of the type of quenched structure of tempered
steels. For tempered martensitic steels the yield-tensile ratio is sur-
prisingly reproducible, not varying to any great extent from heat to heat
or from steel to steel. Curves relating the yield-tensile ratio with ten-
sile strength for steelo of different structures are presented in Figure 55*.
In Figure 56 the yield strength (either yield point or .1% offset) is plot-
ted as a function of the te.sile strength for quenched and. tempered steels**.

*Zhe slight drop of the ratio r.t high strengths Is due to quenching

stresses that are not rclicved at the low tempering temperatures uaed
in obtaining these strengths. These residual stresseN decrease the
additional stress necessary tu initiate flow.

.*W.he lower alloy steels (S.A.E. 10 series) were certainly not quenched
completely to martensite ruid should not have been included in the
graphs.
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These data are for steels ranging from about-.25% carbon to .45%. Increas-
Sing the carbon content tends to raise the tensile strength for a given yield

strength (Equation (.-9)) because the straia-hardening exponent increases
with increasing carbon content.

iprdnese*

The resistance to initial plastic flow is more frequently measured
by hardness than by tensile tests. Hardness tests are generally performed
by measuring the depth or diameter of the impression made by a specified
indenter under a spocified load for a specified time. In all cases plas-
tic deformation occurs snd the extent of the ind.entation is a measure of
the amount of plactic deformation under the compZex streus conditions of
the hardness test. The extent of this deformation depends upon both the
height of the flow-stress curve and the initial strain-hardening. The
strecs distribution in the hardness test is exceedingly complex but is
constant for a specific test -.rnd hardness number. The hardness should be
directly related to the tensile strength since the latter also depends
-upon both the yield strength r'.nd the strain-hardening. In general, the

I correlation of hnrdness and yield stroizth is poorer, for the yield strength
may vary considerably due to changes in the initial yielding even when the
stress at large strains is constant. An empirical relation between the
tensile strength ond the Brinell hardntss of steel is presented as Figure
56. The relation between Brinell ard Rlockwell 0 hardnesses of steels is
presented in Figure 57, while Figure 53 gives the approximnte relation be-
tween yield strength and Rockwell C hardness for tempered martensitic steels.

4 , Since the hardness may be rapidly determined and is very reprodu-
ciblo, it is the most widely used measure of "structure".

Per Cent Elongation

In the tensile test, per cent elongation of some specified gage
length is affected more by tihe deformation that occurs before necking than
by the localized deformation, except in cases where the uniform deformation
is very small or where the gago length is comparable to the length over

,K which necking occurs. The per cent elongation is, therefore, primarily de-
"termined by strain-hardening rather than by the relation between the yield
and fracture strengths. As the strength increases, the per cent elongation
decreases because the strain-hardening exponent and thus the amount of uni-form deformation decrease. Because of the intimate relation between tho

per cent elongation and the amount of uniform elongation, the variation of
the strain to tensile strength with carbon content and with strength level
should be indicativo of the variation0 of the per cent elongation. Te var-
iation of the uniform strain (strain-hardening exponent) with strength
(stress at a strain of .01) is presented in Figure 28. The variation of
t~he per cent elongation with tensile strength for ste.,ls of from .25 to
.45% carbon is presented as Figure 59. These relations should be very

*Hardness tests are described and discussed in detail in several books
(209-211).
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nearly independent of structure for, as has already been pointed out, strain-

hardening is virtually indopendent of structure. If fracture occurs before

necking, the per cent elongation is primarily fixed by the separation be-

tween the flow and fracture curves, rather than by the strain-hardening ex-

ponent. Fracture before necking is indicative of very small separations,

even at low strains, of the flow and fracture curves. In such cases, the

per cent elongation and the reduction of area have the same significance.

Fracture Charactoristics

Reduction of Area

The tensile test is terminated by fracture. The height of the

fracture curve probably depends upon the size and distribution of inhomo-

geneities, such as carbides and inclusions, and its slope up.on their shape.

In the case of cast steels, shrinkage defects and porosity also limit the

fracture stress. For steels of the tempered martensitic structure, the

fracture stress rises less rapidly than the flow stress as the structure

is made finer, and. the reduction of area before fracture, therefore, de-

creases as the strength increases. If specimens from forged or rolled

steels are taken parallel to the direction of forging (or rolling), the

reduction of area will be higher than for transveise specimens. The "dirt-

ier" the steel, the greater will the effect of the forging or rolling oper-

ation in increasing the reduction of area longitudinally and decreasing it

transversely. Because of the sensitivity of the fracture stress to the

presence of inclusions and other defects, the reduction of area varies con-

siderably from heat to heat and even varies considerably for specimens taken

from different portions of the same heat. The variation of the reduction

of area within a heat of steel having a uniform microstructure has essen-

tially the form of the Gaussian errcr durvo. If used for process control,

reduction of area measurements must, like most other data, be treated stp-

tistically.

The change of reduction of area with tensile strength is shown

in Figure 60 for specimons taken from quenched and tempered bars of a nuin-

ber of (.25 - .4 5% carbon) steels. Clearly the reduction of area does not

depend to an appreciable sxt3nt upon alloy content but varies significantly

only with, strength and steel quality. Variations from heat to heat of the

same steel, or even within one heat of the same steel, are as great as the

variations between steels of different compositions(20S, 212). Increasing

the carbon content of tempered martensitic steels decreases the fracture

stress for a given strength level, and increases the slope of the flow-

stress curves. For these reasons, the reduction of area decreases with

increasing carbon content. The effect is small and is frequently impossi-

ble to distinguish becaure of heat to heat quality varistions. Figure 61,
however, shows data that indicate the trend.

Steels having structures other than tempered martensite generally

bave slightly lower reductions of area than tempered martensitic steels(16 1,
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214)*. Non-martensitic products ordinarily lower the reduction of area only
slightly. Similarly, the precipitate that is responsible for temper brit-
tleness does not affect the flow curves or the reduction of area to any
great extent,. In extreme cases, the precipitate decreases the slope of the
fracture stress curve sufficiently to cause a slight decrease in reduction
of area, and a startling change in type of tensile fracture; the fracture
changes from transverse to longitudinal. This change in type of fracture
is more likely to occur if the specimen is taken parallel to the forging
direction and if the structure of the steel is pearlitic. Longitudinal
fracture occurs after a tensile specimen of a steel, having a fracture
stress strongly dependent upon strain, necks sufficiently for the induced
circumferential stress to cause longitudinal fracture. The longitudinal
stress required for fracture perpendicular to the axis of the specimen in-
creases with tensile deformation while the transverse tensile stress re-
quired for fracture decreases. The greater the precipitation, the smaller
will be the strain before the specimen fractures longitudinally, and the
lower will be the measured fracture stress. Pearlitic steels that have
very low fracture stresses at small strains may fracture longitudinally
even if not temper brittle.

Hydrogen may precipitate during heat treatment to cause defects
such as ffflakesl'**. These "flakes" can initiate fracture, as do other de-
fects, by concentrating the stress and thus lo-wering the reduction of area
(171). Furthermore, in steels supersaturated with hydrogen, the gas may
precipitate after a small amount of plastic deformation and cause relatively
brittle fracture (hydrogen embrittlement). The exact mechanism of the ef-
fect is not known and there is considerable controverry concerning it. If
the saturated specimens are deformed rapidly, little or no embrittlement
is observed, presumably because there is insufficient time for hydrogen
precipitation***. Thus, plastic deformation is necessary for the embrit-
tlement to occur(216).

Bend A~egt**

At high hardnesses stress concentrations arising from fillets,
nicks, scratches, and non-axial loading may be sufficiently severe to caurc
brittle failure (fracture with'vit deformation) in simple tensile tests. Tf..
however, a small amount of plastic flow takes place the stress concentra-
tions may be reduced and considerable d•formation may occur before fractuie.
Minor variations in the fracture stress or in surface preparation, there-
fore, may be reflected in large changes In reduction of area at high strength

*In exception has been reported in the case of plain carbon steels, in
which the bainitic structures have been stated to be superior(215).
The difficulty of obtaining a completely martensitic structure on
quenching of plain carbon steels in sections large enough even for
test specimens should be borne in mind, however.

*STheee defects are also called "fish-eyes", "snow flakes", etc.
***These results were obtained in a research by S. A. Herres not yet

published.
***5 Bend tests have been described in several publications(217, 215).
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levels. Frequently, however, steel parts are used at high hardness levels,
and it is desirable to know what variables govern the mechanical properties
at these high hardnesses, and to have a reproducible mechanical tost that
may be used to insure that the properties have been obtained. By means of
simple bend tests of specimens supported at the two ends and loaded in the
center, two souirces of stress concentration, the fillets at the shoulders
of the tensile specimens and the non-axial. loading, may be eliminated.
Two point loading can be uzed, if desired, to eliminate artificial pre-
determination of the position of fracture.

In the bond test the yield strength (obtained from the deviation
of the load-deflection curve from linearity) and the bend strength usually
are measured. The bend strength is defined ts the stress in the outermost
fibers (at which fracture of the bar takes place), calculated on the basis
that the bar (oven after plastic deformation) is completely elastic (i.e.,
that ntres3 is proportional to strain). The yield and bend strengths for
single point loading in the center of the specimen may be obtained by sub-
stituting the yielding or breaking loads in the following equations:

Strength L 31, squaro b•r
2~a3

Strength - --1 L, round bar

where 1 is the distance between supports, a the width of the square bar, d
the dianeter of the round bar, and 1 the yielding or breaking load.

Before plastic deformation of the bend specimen takes place, the
streS3 varies linearly across the bar, being zero at the center and a max-
imum at the siirfnce. A slight amount of plastic deformation at the sxrface
does not appreciably raise the stress in the outer fibers, but it does allow
the stress to increase within the bar. Thus, the specimen can withstand
higher and higher loads as the plastic deformation invades the specimen, for
the high stres• appeR.rs over a greater cross-section of the specimen. The
more load the specimen withstands before fracture the higher is the bend
strength. As the hardness increases and the yield strength becomes equal
to the fracture strength, the bend strength will shar-ply fall to the yield
strenigth,

The results of typical bend. tests are illustrated in Figure 62,
in which the bend strength and the yield strength are plotted aý f~i-ictions
of hcvrdness. Often, it is dasired to obtain the maximum bend itrength at
the higiest possible hardness. This requires the maximum separation be-
tween the yield and fracture ttrengths. At present it appears, that the
maximum bend strength is obtained with the "cleanest" tempered martenaitic
steel of the lowest carbon content necessary to produce the de:.ired nard-
ness(219). No systematic investigation has been made of the relations be-
tween yield and fracture strengths at high hardnesses, including the effects
of such variables as small amounts of non-martensitic trAjsformation producte.

-79



Zffectg of Temperature and Rate of Strain

T7he effects of temperature and strain rate on the flow and frac-
tiire curves themselves have sIready been discuseed in detail. It is, how-
ever, necessary to make some comments regarding the variation of the uniform
elongation, tensile strength, and reduction of area with these variables.
The effects of the two variables are simple to discuss because the effect
of increasing strain rate is equivalent, at least qualitatively, to the
effect of decreasing temperature. Thus, only the effect of temperature
need be treated, The qualitative effect of strain rate may be derived di-
rectly from the discussion of the effect of temperature, as indicated in
the preceding chapter.

As the temperature is decrepsed the strain-hardening exponent in-
creases. This increa3e in strain-hardening results in a slight decrease of
the yield-tensile ratio as the temperature decreases. If nothing occurred
to prevent it, it would be expected that the yield-tensile ratio would in-
crease continuously and the strain to necking decrease as the temperature
is raised, for the strain-hardening should decrease with increasing temper-
ature. Figure 63 illustrates schematically the effect of temperature upon
the load-elonganton curvec of steels for which the strain-hardening decreases
continuously with increasing temperpture. These curves are discussed in
more detail In the section dealing with creep. It has Rlrendy been pointed
out, however, that in most steels strain aging occurs simultaneously with
the deformation a temperatures slightly above room temperature. This pro-
gression of aging, deformt.tion, and, aging increases the strain-hardening
and caucos a decrý,.se of the yield-tensile ratio with increasing temper-
ature in the vicinity of 5000 to 800° F. (2500 to 4500 C.) depending upon
the rate of straining. Above this temperature, the strain-hardening again
decreases and the yield-tensile ratio increases. As illustrated in Fig-
ure 64, the tendile strength decreases, increases, and then decreases again
as the temperature is raised. The "tensile-etrength hump" occurs at higher
temperature the higher the rete of strain (Figure 49), presumably because
less time is available for precipitation. For sufficiently slow strain
rates the increase in tensile strength will occur in the vicinity of room
temperature, as discussed in Chapter III.

As illustrated in Figure 64, the yield 9trength decreases contin-
uously with increasing temperature or decreasing strain rate. In the re-
gion of temperature in which the ino"ease in tensile strength occurs, the
reduction of area decreases because of thA 'ifcrease in the slope of the
stress-otrain curve. Because of this decren.so in ductility (and at slightly
higher temperetur6s, in notched-bar energy) the phenomenon is referred to
1%8s blue-brittleness"*. None of these effects depends to any greet extent
upon the gross microstructure of the steel, for blue-brittleness is evident
in tests of tempered martensitic steels, as well as of pearlitic.

'ihe variation of the ductility or fracture stress above room tem-

*The oxide coating that forms on steels exposed to air while in this

temrerature range is blue.
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perature has not received adequate study. It can be said, however, that
except in a few special cases(220), the reduction of area increases contin-
uously with increasing temperature above the range in which blue-brittleness
occurs. The effects of changes in structure on the dependence upon temper-
attuie of the fracture stress and reduction of area at high temperatures
have received no attention.

The behavior of steels at temperatures below about 700 7. (200 C.)
is very dependent upon the microetructure. As the temperature decreases,
the flow curve rises faster than does the fracture curve, and the strain-
hardening increases. If the fracture stress at small strains is much greater
than the flow strese, the strain to fracture (or reduction of area) decreases
only gradually as the temperature decreases. If, on the other hand, the
fracture stress at small strains is only slightly greater than the flow
stress, decreasing the temperature will induce brittle failure. Because
of the small separation between the flow and fracture curves at small strains,
pearlitic or temper br-ittle steels break brittlely in the tensile test at
low temperatares (about - 27 5 0 F- (-1700 C. or 100 1C.)), while tempered
martensitic steels of moderate yield strengths do not break brittlely even
at extremely low temperatures (-)4250 F. (-2550 C. or 200 X.)). The varia-
tion of the roduction of area with temperature below 700 F. (200 C.) is
illustrated in Figure 65, for both pearlitic end tempered martensitic struc-
tures in a typical steel, A great deal of information exists that confirms
this major difference in the wechrnice. properties at low teiperatures of
steels of different microstructure.

Notched-Bar Tests

The tensile test done rot revepl. the major differences between
the properties of steels of variouzs microstructures except at rather low
tomrperaturep of tosting. However, the notched-bar or notched-bar impact
test is more sensitive in differentia.ting between steels of different struc-
tures. This test offers the simplest means of compt.ring experimentally the
slopes of the fracture stress curves. Even so, the notched-ber test has
been criticized publicly and privately to such an extent that many metal-
lurgists tend to place little reliance upon its results. The results of
notched-bar tests, however, reflect differences in behavior that can be
quickly and easily interpreted and that carl be found by other tests only
after numerous and complex experiments.

Description of Tests

Many variations of the notched-bar test are used in different parts
of the world, but the Izod and Cherpy types have found the most general ac-
ceptance in this country, The specimen used in the Charpy tost is a square
bar notched at the midlength of one face, The specimen is supported by its
ends or an anvil and is broken by a pendulum that strikes the face opposite
the notch at the midlength of the specimen. The Izod specimen is notched
near one end, and broken by a blow striking the notched end. A 'IV" notch
of .01 inch radius is generally used with the Izod opecimen, and a "keyhole"
tyrpe notch with the Charpy specimen. The standard specimens, as described



by the American Society for Testing Materials are illustrated in Figure 66.
. Many variations of these specimens having notches of various radii, depth,

and shape, are used. The round Izod specimen, which is a round bar notched
circumferentially, has found rather wide use in testing laboratories in
this country. The Charpy specimen with a V notch is also meeting with
some approval. Probably the oldest type of notched-bar test is the so-
called "nick-break" test, in which a specimen of rectangular cross-section
is notched on on3 or more faces and broken by a blow. Sinca in this test
little care is taken to make the specimens the same size, the energy re-
quired for fracture in seldom measured. The type of fracture is used a
criterion of the comparative flow and fracture properties of steel. Many
years ago the significance of these fractures and how changes in heat
treatment cause major difforences in fracture types were discussed(222,
223).

The distribution of stress in all such specimens is of the same
type. For example, the distribution of the base of the notch in a Charpy
bar is essentiplly the same as in a circula.a bar notched completely around
its circlumference and pulled in tension. Tle distribution of stresses in
the aatter case has been discussed in some dotail(224). A schematic dia-
gran of the stress distribution at the bnse of the notch in such a spec-
imen is presented as Figure 67. At the very base of the notch, the longi-
tudinal tensile stress ý,rx is a maximum. The ratio of this stress pt the
base of the notch to the value that it would be in the unnotched section
is referred to as the stress-concentration factor*.

In Figure 6g, the affect of changing the radius and depth of the
notch on the stress-conoontration factor, b, for a V-notched bar is illus-
trated. The dpta for this figure were obta.ined(225) by photoelastic methods.
A:- the depth of the notch increases or the radius decreases, the stress-
concentration factor increases.

Due to this stress-concontrhtion, the metal at the base of the
notch tends to contractt'ansversely to a greater extent than the material
of the urnotched shouldor; but if the bar is sufficiently wide, the lees
stressed shoulder essentially provxnts the lateral contraction at the ropex
of the notch. This constraint induces transverse** and rAdial stresses.
The radial stress (: of Figure 67) is necessarily zero nt the free sur-
face at the base of the notch. Unless the stress-concentration is small,
the magnitude of the transverse ntress at the base of the notch depends
primarily upon the relation between the width of the bar and the radius of
the notch. The wider the bar relative to the radius of the notch, the
greater will be the transverse stress. If the bar were infinitely wide,
the transverse stress would be sufficient to prevent almost all lateral
contraction and in this case the transverse stress would be a maximum.

* Frequently, the stross-concentra~ion factor "is been defined as the
ratio of the maximum stress to the average stress acro.,s the notched
section.

"**This transverse stress ir. a square bar must necessarily be zero at
the free surface at the sides of the specimens.
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Figure 69 shows the calculated(226) ratio of the transverse tensile stzess
to the maximum possible transverse stress as a function of the ratio of the
radius of the notch to the width of the bar, for a V notch Charpy type spec-
imen. For ratios of radius of notch to width of bar of lees than about i/I0,
the transverse stress is essentially at its maxim=u and changes in the bar
width will have little effect on the transverse constraint.

At the base of the notch of the V-notched Charpy bar the longltl-
dinal seress required for flow, as determined by the stress distribution,
has been calculated(191) to be:

T C) b b

where t' x is the tensile stress required for flow in simple tension, t:1'
for yielding in the presence of the transverse stress, and 6' is Poisson's
ratio for plastic deformation (.5). The relation between the increase in
yield strength and stress-concentration factor derived from this equation
is illustrated in F'igure 70. For the case of the V-notched bar with .01 inch
radius the figure indicates the effect of the notch is to raise the flow
curve by about 11% (stress-concentration factor approximately equal to 6).
The general principle that the transverse stress induced by the notch raises
the longitudinal stress necessary for flow applies to any type specimen.

The gradient in stress beneath the notch may also raise the stress
required for plastic flow(161). The sharp stress gradient (Figure 67) may
be the prime cause of the size effect in notched-bar tests so often sug-
gested*. Tha stress gradient at the base of the notch is different in rim-
ilar bpecimene of difforent sizes. The precise effect of this gradient
cannot be taken. into account, however.

The transverse stress induced by the notch raises the longitudina3
tensile stress necessary for plastic flow. However, the fracture-stress cnu'va
does not appear to be affected by the presence of the transverse stress. Ae
discussed in Chapter III, thi available data indicate that fracture occnas,
after a given amount o~f deformation, when the tensile stress reaches a fixod
value. The effect of the notch, therefore, is to raise the flow curve with
respect to the fracture curve.

Because of the stross-concentration at the base of the notch, the
strain rate is higher for a given rate of loading than would be found with
an unnotched specimen. The strain rate at the base of the notch is equal to
the stress-concentration factor multiplied by the strain rate of the material
in the unnotched shoulder. Changes in notch radius or notch depth must be
relatively large to induce significant changes in stress concentration (Fig-
ure 68) and hence in strain rate.

*An apparent size effect cnn arise because of differtnces in metallur-
gical structure due to differences in transformations between speci-
mens heat-treated in different sizes.
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The effect of the increased strain rate is to raise both the flow
• and the fracture curves, affecting the fracture curve less than the flow

curve. The difference in strain rate between that of the standard tensile
and the notched-bar-impact test is tremendous and its effect is significont.
The strain rate at the base of the V notch in a Charpy bar has been calcu-
lated(l91) to be about 103 sec,- 1 (approximately iO( times that encountered
in the standard tensile test).

Significance of Results

The notched-bar test differs from the normal tensile test in that
the metal at the base of the notch is conatrained from transverse contrac-
tion and the strain rate is many times greeter. The effects of thoee fac-
tors on the flow and fracture stress curves of steels of typical structures
is illustrated schematically in Figure 71. The increased strain rate over
that normally encountered in tensile tests raises the flow curve more than
it does the fracture curve. The transverse stress raises the flow curve
but does not affect the fracture curve. If the separation between the flow
and fracture stresses at small strains is large, the raising of the flow
curve with respect to the fracture curve will induce only a small deceoase
in strain to fracture. On the other hand, if the separatioi between the
flow and fracture streoses is small, the strain to fracture may decrease
markedly (the amount depending up.on the shape of the fracture stress curve).
If the separation between the flow and fracture curves (at small strains)
is small enough, the effects of the transverse stress anI the high strain
rate may be sufficient to induce brittle failure at room temperature (or
even above). Decreasing the temperature will fur'her raise the flow curves
as illustrated in Figures 72 and 73, If the separation between the flow
and fracture curves is large, the strain to fracture will decrease only
gradually as tne temperature is lowered, If the separation between the
flow and fracture curves is small (mnd the dependence of the fracture
stress on strain is marked), the strain to fracture will undergo a rather
sudden decrease (to very small values) as the terporature is decreased.

From the schematic stross-strain diagrams of Figures 70 and 71,
the variation of ths energy absorption of steel specimens with ternperaturc
may be estimated. Schematic curves relating the impact energy with tem-
perature of test are also presented in Figures 72 and 73. As the temper-
ature is lowered for steels having a small separation (at small strains),
between the flow and frsocturo stresgos the energy suddenly decreases ab
brittle failure occurs over at least part of the specimen. At still lower
temperatures the entire spi2cimen breaks brittlely (very suall eiergy re-
quired for fracture). The fracture changes from "fibrous" (or ductile),
to the picture-frame toype, to completely "crystalline" (bright). These
fractures are illustrated in Figure 74. Au T;he temperrture ip lowered
for steels having a high and nearly horizontal fracture-utress curve, the
energy necessary for fre•cture decreases rolatively graduzally. A gradual
cheige of fracturo also occurs: from fibrous to dull "crystalline", with
an intermediate type of pictui-a-frame fracture having P. dull cryctalline
center surrounded by a fibrous border. The change cf fracture from fibrous
to dull crystalline occurs at much lower temperatur: s than the change from
fibrous to bright crystalline (for steels of the same tensile s9,rength).



The aram under the stress-strain curve represents the energy re-
quired for fracture per uný.t voljwne of !*tqEia1 j~t the base o2f the notch.
The larger the amount of the deformation of the metal at the base of the
~otch, the greater the volume of the sptbcimen that is plastically deformed.
uo, as the strain t'.) fracture ilecreascs, the amount of deformol metal at

the base of the notch also decreases, The enera per unit volume decreases
and so does the volume of metal affected. The total energy absorbed thus
docreases sharply.

The analysis of the behavior of steels in the notched-bar test
has to this p~int considered onl.y the initiation of fracture. As the crack
cauced by the fracture proceeds across the specimen it becomes z4ot only
deeper but aharper:, the strens-c~oncentration factor and the constraint in-
crease anid the flow curve rises. Thus, even if brittle failure does not
occur at the base of the performed notch, it may occur ae the fracture pro-
coeds. Furthermnore, si~nce at the sides of the specimens the transverse
stress is necosuarily zero (there is no constraint), the conditions leading
to brittle failure are not az severe as at the center of the bar. "Picture-
frame" fractures (axicing from these causes), as illustrated in Figure 74&
are freqtxently observed with pearlitic and. bainitlo steels*.

As indicated in Chaptar III, the fracture stress at small strains
is related primarily to the type of structure. Thus, the notched-bar proper-
ties aro markedly different for steels with the same strengths but different
structures. Pearlitic steels in general break brittlely at or near room
temperature while tempered martonsitic steels have been observod to mail%--
tamn fair tou&.hnoss(l894) down to temperat-ures a.:; low as -I4250 F- (-2550 C.
or 200 K.). Steels having bainitic or tempered bainitic structures gener-
ally have notched-bar properties intermediate between those of tempered
martensito. and pearlite; the dependence of the fracture stress on strain
is, therefore, intermediate between those of pearlitic and of tempered mar-
tensitic steels.

Thus, at a given hardness, steels having tempered martensitic
structures have superior properties as measui~.ed by the notched-bar tost.
The advantage of this structure can arise only from a difference in height
and. shlape of the fracture stress curve, which appoars to be connected with
the different shape, size, and distribution of the carbide particles.

Even though our primary interest is in the properties of tempered
nartensitic steels, it is desirable to discuss the effect of variables on
the notched-bar properties of posarJlitic steels. The finer the pearlite
plates, the higher 3.s the f~rm~ccu~re stress for a given yield strength and
hono~e the lower is the transition temperature. As the hardness of pearlitic
steels is rnduced by tempering, the separation between yield anid fra~ctuwe
3trength increasos, the slope of the fracture strength curve decrgases; tho

*The edge away from the notch hac a fibrous or ductile appearing frac-
ture probably becauoe it suffers deformation in compression while the
metal at the base of the notch is being plastically deformed in ten-
cicon.
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notched.-bar properties improve. In fact, the tranoitiou teiffpreturs ca~n '13
~ decreased to such low temperatures that only very aevere tow-to will dictin-

gmish between the properties of~ pearlitic and tempered marteneitle stoels.
It Is well known that with low-carbon air-~cooled steals, the adi'AU).in of
nickel improves the notched-bar propertiec by- decreasirig tlhe tempersk~iireofbittefcur(k) It is possible that this is a specific effet of
nickel, but probably nickel (like other alloying alement) )by slowing thiu
pearlite transformation causes finer carbide particles to be produced for
a given air-cooling treatmentb Cold. working of poarlitic steelq is an ef-.
fective way of reducing the sepoxation betwomn the flow and fract'.u'e stresses
and of thus raising the temperature of brittle failvre(228)*.~

The properties of steels having bainitic: Ptructuros atre diffinilt
to establish, for frequently the retentoion of aiuaten,.te accompanies the
formation of bainite. Suibsequent torterinxg may cauut this austonite to
transform to high tompor~ture t'rovsnformation products wbic~h lower the notch-
ed-bar properties. Very probably, the lower the temperatixi of formation
of the bainite, the better are its notch(,d-b&vr properties a~fter temipering.
The structure resulting from the high temperature tempe~ring of bal.ntte is
practically indistinguishable rronn t-hat of tompered marter~site and the Mech-.
anical properties of the two structu~r's are much the same. Since, however,
the bainito has a distinct, orientati.on of th-.: 'iarbido particlee, its notnh-
ed-bar properties after lowo:, temperatu~re cemperlng treatments are iihferior
to those of tam-pored martoneite of the same ha~rdiie-.ss and. carbj~t content.
As little as 10 pcr cent of tempeorO. beirite (formed at high temperature)
in an otherwise tempered martengitic .ýteel will noticeably docrens'9 the
notched-bar ener(gy at -4cO ~4*

The notched-bar clu'ves of Figeire 75 indicate the effect Cof yield
strongth upon the notched-bar properties of a tyrpical tempered marten~iitio
s~teel. As the carbidos become finer and more nu~mer~ous the level of the
notched-bar energy decreaese and the tempernture of the decrease in notched-
bar energy rises slightly. Since the height of the f'ractu~re strain curve
depends upon carbon content (for a iixed yield strength) the notc~heed-ýar
energy decretses as the carbon content inicreases, nt a constant yield

strangth. However, thae notehed-bar properties are prnetically inc6.epandentI
of alloy content if tlie steels have completely mertenaltic utrtcture3 on
quenching vni if subsequent hept~izi operations d'ý not induce the precipi-
tation thýAt in tlhu c~i.ie of tvenp~zr brittleness. The variationG from heat

*There Is a rap-ort(22:0 that -cold. workingbydraw dhglowks the tezpaatyzre
of brittle failure of imr~jtcheo. ýars while the themperatlaze is luwared

for notched bars. It is probable that the decrease In the tjemer~t~ureI
of brittle fainlure was associated with the introductiona of surface
r-ompressivnhl ttresses by tha cold deformation. The spicimens were
not machined befire testing,

**_ased upon unpubliujcd. Clata obtained at the Watertown Arsenal Labor&ý..
tory. These tests were performed with .30% carbon 4toels at 260 Bri-
no!l ha~rdness. The bainito was formed at relatively Mgt, temperaturas
Itpon, lontinuous cooling.
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to hhet are of the seane order of magnitide as the variations among steels
of different alloy contents. Data showing the variation of notched-bar

S, energr (at room temperature) are presented as Figure 76. The specimens
for these teste were taken frog bar stock (parallel to the axis of the baro)
of steels of carbon contrnts rarging from about .25 to .454. Notched-bar
data as a ftunction of hardnoee for a large number of specimens taken parallel
and perpen&icular to the pvincipal rolling direction of cross-rolled. plate
are inoluded in Figures 77 and 78. More scattar is evident in those data
than in those rolating the reduction of area with the tensile strength.
Since the notrbed-boa, energy is a very sensitive measure of the height and
slope of the fracture stress curvos, small variation of these curves are
reflected in mrtjor vari.ptions of notched-bar energy. At 3modorately high
strength levels small differences in the level of the fracture stress cause
great aifforencos in the energy required to break notched specimens, Just
as (at higher hardnosses) small differences reflect themselves in large
changes in bend test results. At high strength levels o small low'er-
inrg of the fracture stress curve may result in completely brittle
failure and the notc.qed-bar toot is unsatisfactory for determining the
properties of steel under these conditions. Slow bond tests of unnotched
spucimens are much more reproducible and hence more satisfactory.

The discussion in the foregoing paragraphs is concerned with the
properties of tempered martonsitic steels., With such steels, as the car-
bides become larger as !- result of tempering the fracture stress decreases
less rapidly than does the flow stross, and the notched-bar energy increases.
(Figures 75 to 78.) In the transition from untempered martonsite to tem-
pered martensite, the fracture stress may decrease more rapidly thAn the
flow stress and mW, cause an initial decrease in notched-bar energy as
the steel softens (Chapter VIII).

Differences in the slope or level of the fracture streea curven
erising from inclusions also affect the notched-bar properties. Differ-
encos between transverse end longitudinal specimens of tempered martensitic
steels are illustrated in Figures 77 and 79. Some inclusicns appear to
have specific cffo-'ts; aluminum nitride, for example, which apponrs to con-
contrate at auotenitic grain boundIrtes, induces brittle failure at relA-
ti7ely high teriperaturcs(230). A conchoidal typo of fracture is associpted
with these low eiergy failures. Steeis containing high silicon contents
have also been reported to have low impact propertier, presumably because
of the formetion of sili,.ates(9O). Defects ouch as flakes, voids, or
large lnclusbins Wy cause stress-concentrations that mny inttiato frp.c-
tnru. The notch effect of ouch defects mýr be more severe than thnt of
the mechanical notch. In service, these defocts may be the only notches
present.

Besidv6 the direct effect of inclusions and voids on the fracture
stress, they may frequcntly cause laminations that markedly change tha con-
dition& of the notched-bar tests. Dhuring the rolling of plate, for example,
inclusions P-re rolied out in planes parallel to the plate. The tensile
stiess required fir fracture on theuo planes may be low and in tho notched-
bar test they opon, If the laminations are parallel to the long axis of
the specimen and porpondicular to the notch, opening of a lamination by
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the tranaverse stress will effectively cause the formation of two specimens,
both of which are narrower and less constrained than the original specimen.
Brittle failure will then occur only.at lower temperatura than fop an
mnlcmirated. specimen. Laminritions parA1lel. to the notched surface -rill
often cause the crack to stop. sair. a new crack to begin, reducing the
overall severity of the tent. Th t-iemporaturpe of brittle failure should
be the same but the transition %one from ductile to'brittle failure ex-
tends over a wider range, If the laminations are perpendicular to the
length of the bar, fractuzre may take place along a lamination and markodly
decrease the energy absorption.

It may be deduced from the results of impact tents that incroasos
in prior austenitic grain size io!ver the fracture stress curve and -)erhape
increase its slope. These changes are reflected in a decrea&se in notchad-
bar enerLy at hgh testing temperatures(23I) and an increase in the tem-
perature of transition from ductile to brittle failuro. It is controvor-
cial, however, whether this effect is directly connected with the Increase
in grain size or Whether it arisoc from a change in size, shape, or die-
tribution of carbides inducod by tho increase in grain size of the aus-'
tinitQ,

The temper brittleness precipitate also has deleterious effects
upon the notchod-bar properties. The presence of the precipitate lowers
the frac ture-stress curve as illustrated in Figure 34. EMbrittlement by
this precipitato is caused by a change in slooe of the fracture stress-
strain curve and is not ordinarily reflected in tensile tents at or near
room temperature. While the precipitate raises the temperature of transi-
tion from ductile to brittle failizc, its effect upon the notched-bar en-
ergy depends upon the tomierature of test and upon the propert1os of the
unombrittled steels. Thus, the effect of a fixed amount of precipitate
on the notched-bar energy absorption at high testing temperatures is Toro
apparent in pearlitic steels than in tempered rartonsitic steels of the
same strength (Figure 79).

As hac alrcnx.y beon diacussed, the temper brittleness pracipita-
tion occurs at temporature below 11000 r. (6000 C.) at a rate that depends
upon the tempeoroturc and the compouition of the steel. Thus, for steels
heated in the ýmbrittling temperature range the notched-bar properties de-
pend upon composition; the higher tho mpngV'neee, nickel, Pnd chromium con-.
tentn and the lower the mr'lybdenxun content the greater is the ambrittlomont
with a given treatment (for short anda moderate times). If, however, temr-
pering is corried out above about 11000 F. (6000 C,) anC. the cooling fol-
lowing tempering Is rppid enough to avoid the temper brittleness transform-
ation e. the nose of the "C" curve (Figure 18), embrittlement will be avoided,
Part of the scatter in the impact valuea of Figures 76-78 is probably the
result o: varying aegreea of temper brittleness of the various steels. Cer-
tain receit data indiete that, if no temper brittleness (or decomposition
of retained austenite) occurs, a steel torapered to a given yield strenC.th
has the saio reduction of area, tensile strength. and iiotc~hod-bar propertioe
whether the temperin; is .t a hiih or at a low tomporature'.

*Unpubi!. hel worc.
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The notched-bar properties of steels above room temperature are
relatively Independent of metallurgical structure. In Figure 90 the notch-
ed-bar energy of a typical pearlitic steel as a function of temperature is
presented. The impact energy increases up to about 2000 P. (1 0 0 c C.), then
decreases, reaches a minimum, then increases again. This decrease in notch-
ed-bar energy in the range from 200 to 9000 F. (100 to 5bo° 0.) is another
manifestation of blue-brittleness. Because of the high strain rates en-
countered in the notched-bar impact test, the drop in toughness occurs at
a higher temperature than does the decrease of ductility in the tension
test. Low carbon steels to which special agents have been addce& do not
exhibit blue-brittleness to a major degree(157). The incrsase in tough-
ness at still higher temperatures is a manifestatio4 of the decrease in
strain-hardening arising from recovery and recrystallization,

Fatigue Tests

are Not only must metal narts withstand the stresses for which they

Sare designed but frequently they must withstand these stresses for an enor-
"mous number of applications of the load. The behavior of actual narts in
service would be extremely difficult to predict even if the knowledge of
the fatigue properties of metals was more comrolete than it is, for it is
almost impossible to estimate precisely whet the service conditions will
be. Since parts ara not subjected to simnle tensile loads nor are they
usuall." machined with the care of laboratory test specimens, the number
of load applications which the part will ,,ithstand is difficult to assay.
Generally, all that can be done is to evaluate the relative behavior of
different metals under conditions of the same kind as those met in the
service.

Frequently the possibility of fatiguo fracture may be eliminated
by a change in mechanical design such as the elimination of notches or sharp
fi.llts. Increasing the fatigue life of metal parts *by introducing favor-
able stresses through ':shot-poening" has recently been widely utilized.
Even if all practical mechanical stops have been tnlcen to reduce the dan-
ger of fatigue fractures, it is frequently desired to increase the life
of the part by improving the fatigue properties of the metal. In order
"to do so it i neoessary to understand the gonerp.l principlos governing
tho effects of repeated cyclic deformation on steel and the rolstion be-
tween metallu:'gical structure and the response of steel to such deforma-
rion, The fatigue properties of stool have boen studied in metallurgical
laboratories for many years but little systemiatic knowledge is available
relating the fatigue properties to the stress-strain curves or to metal-
Iurgical s-ructure. Many fatigue data naro available for specific steels,
however,

Docription of Tests*

*Tho most generally used toats are described in the book "The Fatigue
of Metals (232).
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Fatigue tests are usually performed2. in bending, tension and com-
pression, or torsion. Generally, they are performed by applying a complete
reversed-stress cycle. For example, the speo.lmon is loaded in tension, un-
loaded, loaded in compression, unloaded, and the cycle ropeAtod. The on-
tire cycle is oontinuous and genorally repeated. thousands of times per min-
ute. Bond emd torsion toots arc simpler to perform than toneion-comproo-
sion toets and as a consoquonco have boon more frequently used. In on.. of
the oldest typos of toot a round bar is rotnted by a chuck fastened nt one
end while the other end is loaded by a spring through a bearing sleeve.
The stress at the surface of the specimen varies sinasoidally with time
from tension to compression. The amplitude of the stress is determined
by the constant tension in the spring, the frequency by the speed of the
rotation. Many modifications of this rotating-boam mashine have boon used
throughout the world. With Pll such constant-load machines the number of
cycles required for failure are determined for a number of values of the
load. Curves of the type illustrated in Figure l aro obtained for stools
and are generally called simply "S-N" curves, where S is the stress a.pplied
and N the number of cycles. •When plotted on logarithmic paper as in Fig-
ure 81, the relation between S and N is approximately linear. Below a cer-
tain definite value of the stress, however, an infinite number of cycles
may be applied to stool without causing failure. This value of the stress
is referred to as the onduranco limit*. The endurance limit frequently
must be considered in the doeign of stool parts and fortunately it boars
a rather simple approximate relation to the tensile strength. S-N curves
are affected by changes in the surface finish of the specimens and by the
presence of notches and fillets, Ia any nttempt to find the effect of
metallurgical veriablos those conditions of the test must be held as noerly
constant as possible.

Significance of Results

A complete understanding of the mechanism of fatigue failure must
await an atomistic interpretation of strain-hardening and fracture. The
ordinarily measured stress-strain curves indicato that below a certain
stress value plastic flow does not occur to an appreciable extent, Flur-
thor, if a stress is applied that causes plastic flow, a second applica..
tion of the same stress should not cause further flow or further strain-
hardening. Below a certain limiting stress, therefore, plastic flow should
not occur, and further, according to the stross-strain euzrve, fracture
should not occur at stresses below that at which the flow and fracture
stress curves intersect. However, upon ropititivo strossing,±frilure occurs
much below the ordinp.rily meoasured yield stress (even if determined at emnill
plastic strains) and Pt stresses much below the frr.cturc stress so deter-
mined in simple tension. Thus we must look to microscopic inhomogeneitios
(stress concentrations) for the mechanism of failure. As hns been pointed
out, "a bar of uniform strength, whose surface was perfectly smooth with
no sharp corners in the longitudinal configurntion, and with a perfectly

*All metals do not have definite endurance limits; the number of cycles
increases continuously as the stress is lowered for mrny non-ferrous
motals(232).
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homogeneous structure, would endure without breaking an indofinite nimber
of repetitions. of the stress varying between ziero and a 'mlue near tha
yild strength"(233).

Below the endurance limit some local flow occurs initially but
does not aprpor to continue for a largo number of cycloo(234, 235). During
fatigue it appears that rosidual stresses on a microscopic scale are intro-
ducod if the stress is sufficiently htgh relative to the yield strength(177).
Additional applications of stress cause plastic flow on a local scale which
increases the residual strofoos until failuro occurrn. If the applied stress
is not sufficiently high, microstrossos do not P.pporx to be introduced (or,
in fact, may be reduced). Whether or not ronidual streosgs are introduced
nppoars to depend upon both the yield strength and the rnto of strain-hrr-
doning. Thus, correlations of the endurance limit directly with tho yield
strength loa.d to certain inconsistencies. It is found thv't the endurruico
limit boars a definite relation to the tensile strength (Figuro 92), rather
than to the yield strength as ordiniriily dotorminod, for the tensile strongth
also incroases ns the strain-herdoning incroesos. Another reaston for the
lack of correlation with the yield strength is that in repotitive loading
steel behaves as if it yielded homogeneously even though it exhibits a drop
of load at yielding in the tension test(236). Since the tensile strength
is not affected by the inhomogeneous yielding,it, again, is more directly
related to the endurance limit than is the yield strength. The best and
simplest exprossion of the relation between endurance limit of stools, 4,
and tensile strength So, is that:

68 . Lo _

Since the endurance limit is dependent only upon the tensile
strength, the endurance limits of steels of various structures &re nearly
the saie if their tensile strengths are the same. As the strongth of steel
increases as a result of reducing the tomporing temperature to low values,
the endurance limit rises less rapidly with tensill strength as is indi-
catod by Figure 82. For stools tempered at very low tempering temperatures,
the endurance limit may in fact bo lower than that of softer stools tempered
at higher •eratures. Tempering at low temperatures may not reduce the
quenching stresses (Chaptor VIII) and the applied mtross necessary to pro-
duce a slight amount of plastic flow may then be very low.

The endurance limit may also be decreased by a small prior plastic
defoimr.tion. Loading the metal repetitively below the endurance limit (sall-
ed "understrecsing") for P. large number of cycles will restore or even raise
the endurance limit, lowered by a small nnotunt of prior decformation(178),

If the alternating stress is not too la.rge (comparod to the averago
yield strength), multiple applications of the stress cause the reduction of
stress peaks by plastic flow in restrictod regions. This process continues
until the netal becomes nlmost conDletely elastic (linear stross-etrnin
curve with little hystorosia). T6 readjustment of the specimen in the
local regions where deformation has occurred is not sufficient to caueo
unifor. ple.stic deformation. As is pointed out in the discussion on the
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relief of the internal stresses (Chapter VIII), the yield strength of de-
formed metals moy be increased by the removal of stress peaks by under-
stressing. Howovor, if the stress is sufficiontly high, the residual
strosscs will bo increased.

If instoad of stressing specimens bclov; the enduranco limit, a
number of cycles of high stress insufficient for failure are applied ("over-
etreasing"), it is found that the endurance limit is reduced*. So-cal]ed
"damage" lines have boon doterminod that indicate the number of cyclcs at
various stroes levols roquirod to do a specified amount of damagc to the
endurance limit. Piguro 83 indicates the number of cycles at various stres,
lovels noeossary to produce fixed porcontago reductions of the cndurnceo
limit. If the damage is not too severe subsequent understrossing mar raise
the enduranco limit to or above its orig'inal valuo.

If stcol is repeatedly stressed above its cndurance limit, local
plastic flow occurs on each cycle, and local strosses r.re introduced until
the frtcturo strosc In reatchod locally. Tho crack thus formed progresses
acrcss the specimoei. Thus the number of cycles to failaro above the cn-

4 Aurnnco limit must dopond upon the difference botweon the flow and fracturo
stressoes t sma).l strains, and thorcfore upon motnllurgicnl structure. The
number of cyclos to failuro should be rola~tod to the resultu of notchod-bar
impact tests. However, in most fatigue tests the frequency of lomding is
so gront that the tprnoerr~turo is raised appreciably abovo the ambient tom-
peraturo, Th(, doformation is essontially adirbr'tic. The conditions of
the tost may not be sovoro enough to distinguish botwoen stools of dif-
forent structuitoi unless their properties arc widely different. At a given
tensile strength, tomperod martonsitic ,toels should endure the maximu• nu.i-
ber of cycles to failure above the endurance limit in ordinary frtiguo tests.
As tho ttruture is modified so that the fracture stres3 at small straine
dGeroases and the temperature of brittle failure in the notched-bar impact
toet li.croasos, the number of cycles to failure in fatigue decreases. As
an examplo, the eýffct of the temper brittleness proc'.pitato on the S3-N
curves is illuesratcd in Figure $4. The notched-bar impact properties for
the same stools are also plotted in the figure. T~o higher the transition
temperature in the notched-bar test, the smallor the number of oyclos nbovl
the ondurance Uniit required for frotiguo fracture. The transition temper-

- .- aturc is raised by the lowering of the fracturo stress curves (Figure 34).
It j.s to be noted that for the steels of Figure 894, the endurance limit,
which doponds only upon flow charactcristics, is nearly unaffectcd by the
temper brittleness precipitato, for the prccipitate does not affect the
flow-stress ourvss

Thus, all thocc factors thrnt affect the notched-bar irpact pro-
porties aeffoct the number of cycles to failure in fp.tiguo4 *. As the yield

kAn excellent discussion of the effects of ovorstressing is to be found
in n recent book(239).

**The effects of thc3o factors nay be snrill ns reflected in the results
of the ordinawy high frequoncy tosts.
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strength it increased the entiri S-N curve rises. At a given strees value
• • the number of cycles to failure iacreaseq. The et-foct of changing the

strength level of tempered maxtensitic stools is illustrated in Figure 95.
Also in this figure the logaritaim of the ratio of the applied stress to the
flow stress at a small strain (from tonsile data) is plotted as a function
of the logarithm of the number of cycles to failuro. This method of plot.-
ting makes for easy comparison of the data for the different streqgth levil.

It should also be noted that failure by fatigue usually takoc place
in two distinct stages: the forrrtion of the fatigue crack, and the pro-
gress of this crack across~the specimen. At low values of the stress (large
number of cycles) the number of o/clos required to form the crack are rola.
tivoly largo compared to the cyclos required to make it transvorso the spc-
imon. At high stress levolu the number of cycles required to start the ,,rack
may be of the same order as the number requirAi for the crp.ck to progross
across the spocimen. The progroso of the crack across the specimen is gov-
erned by the same factors that govern the behavior in notched-bar tests.
As the crack becomes sharper and deeper the stros3 concentration incroaaos,
and tho flow curve is raised. .ith respect to the fracture curve. The creck
"in a stool having a high transition temperature in the uotchod-bar test may
become deep or sharp onongh for brittlo failurc of a large part of the Uou-
tion. Tho fracture consists of two parts: 11. a emooth surface whero the
crack has spread slowly and the walls of thc crrclc arc bnttorod smooth by
repoated opening and closing, and 2. - rough Icrystallino' surface indi-
cating the very much more sudden frcture of the core of the piocc"(24l),

T'li fr.tiguo crr-ck in tempered mr.rtonsitic stools, on the other
hand, may continuo to grow by very amr.ll increments without over casing
sudden brittle fracturc. As the section is reduced by the progress of the
crack and the load kept constant, tbo rvorare stross increases nnd the depth
of the crack increases by larger Pnd largor incronicrýts until the remaining;
section finally frrcturos ductily (fibrously). ThuEs at very largo loads,
where the number of cycles necessary to initiate fractttre is small compared
to the cycles necessary to spread it, the number of cycles to failure do-
ponds even more markedly on the metallurgical structure than at smaller lor.ds.
Tests illustrating this relation have boen carried out rccontly(2+42)o'

Fatigue fractures usually start at the surface of metal parts tnd
the homogeneity, strength, and contour of the surface markedly affect the
initiation of fatigue failures. The presence of surface defects or stress
concentrations such as scratches and notches lowers 'ho entire S-N curve,
sinco it is at such stress concentrations that failure begins. The offectc
of notches, fillets, and surface preparation havo boon rtuiiod and ompiri-
cally established(232, 239). In general, the effect of notohes in reducing
the endurance limit is less than would be predicted from calc'.ationa based
on elastic deformation. Some plastic deformation does occLr whioh reduces
the stress concontration. For practical purposes, however, stress concen-
trations are to be avoided as much as possible in the design of stool parts
to be suboected either to impact or to rcpoatod loads,

The endurance limit of stool parts or specimens may be improved by
introducing "negative stress concontrations" - surface comprossional. stressos
- since fracture cn only tako placo in tension. By this means, the tonsilo
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stress at the surface may be reduced for any given operating load. Residual
compressive stresses may be introduced by peening and by other methods. The
performance of steel parts used in reciprocating machinery has been improved
by shot pooning(243).

Effect of Complex Stresses

Since for ductile metals, at least, the endurance limit is rclatcd
directly to the stress required to produce a small amount of plastic strain,
it might be expected that the relation between the stresscs necessary for
failure at the endurance limit would be given by the ntrain cnergy relation
(equation (3-7)). It has been found(244 ,2245) that for motals ductile in the
ordinary tensile test, this relation between the stresses at the endurance
limit fits the data better than any other. 5-;ooro has pointed out, however,
that for normally brittle metals, such as cast iron, at the endurance limit
failure occurs, under complcx stresses, when the mrximum tensile stress
reaches a critical value. In metals, such as cast iron, in which arracti-
cally no plaistic flow can take place bcforc fracture, it seems that the
fracture stress, rather than the flow stress, governs the endurance limit,
for P.s has boon pointed out in an car~ior section, frý'cturo :.po.!rs to occur
when the maximum tensile stress roeaches a critical value.

Few, 1i- any, datro arc :aývailblo rega.rding the effect of complex

stresses on regions of the S-r curve other than the endurance limit.

Effects of Yrequoncy of Loadina and Tcmpornture

-Unless the frequency of loading is carngod'-by a -l.rge factor,
little charge in the .onduranco limit is produced(24'6). .tncre.sing the fre-
qucncy tends to raise the endurance limit(2•47), just ros increasing the rnte
of strain raises the flow stress curve. At the frequencies generally M-
ployod in fatigue tests, the deformation is .ndiabatic Pand for stresses much
in excess of the onduranco'limit the toreporature of the specimens increasce
narkedly. This incroase .in -temperature should tend to increase the n-bbc-r
of cycles to failure and -to reduce differences between the number of cycles
to fvilurc for steels of different structures.

The offect of tWmperature on the endurance limit is similar to
its offect on the -tensile strength. The onduranco limit appenrs to de-
crease almost continuously as the tepeoraturc is raisod(24-8), :'though
the increase in strain-hardening incr.easos it slightly in the vicinity -f
the "%lue-brittld" rangc(249, 250). At very low temporr.tures the differ-
once between the number of cycles to failure for steels hnving differcnt
microstructures should be even gr-etor than at roon temioerpturo. At vezZ-
high tcmpera-turos steels of different structure should have similtr fatigua
properties, but so nuch "croqp" occurs undor the action of small stresses
that fatigue failures are not genorally . prcblcn nt very high tenpero-tures.

Creep Tests

Stocl p,.rts arc frequently used in rtachines th:t porntc ,t hig
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temperatures. Sometimes loads are applied at the high temperatures and im-
mediately removed or reversed. Under these conditions the yield strength
must not be exceeded, and if the load is applicd a large number of times,
the endurance limit at the operating temperature may possibly be the impor-
tant criterion of service life. Morc often, however, the chief problem
at high temperatures is to keep plastic flow to some safe cngineering
minimum. Even though the yield strength as dotormined by short time ten-
sile tests is not exceeded, anelastic deformation and plastic flow umnder
sustained loads will occur. Generally speaking, the ordinary heat-treated.
steel rarts will not support appreciable load at extremely high temperatures
without appreciable creep. Furthermore, at extremely high temperatures,
resistance to corrosion and oxidation becomes a special design problem.
For very high tempcraturo service special alloying elements are usually
add•d to induce a high creop resistance at the operating tcmperatbures.
Ordinarily heat-treoata.ble stools aro not generally used at temperatures
much in excess of 10000 F. Since we arc concerned primarily with this
type of engineering stools and not with those designed specifically for
high temperature service, the discussion of creep will be brief*.

A very excellent approach to an understanding of the creep pro-
blem has boon d ovelopcd(l46). In Figure 96 are plotted the load-elongation
curves for a stool at various rates of loading a t some olevnted temperanture.
(It will be assumed, for the purposcs of4hc -roscnt discussion, that str.a-in-
aging - blue-brittleness - does not occur.) At the higher rates of loading
the strength is high and the strain at which necking occurs is lnrgc because
the strain-hardening is largo. As the strain rate is decreased the load-
elongation curve is lowered and the strnin at which necking occurs becomes
smaller (the strain-hrrdoning decreases). No,: if a number of specimens are
tested at various valucs of the load, their bohavior c:ýn be predicted qurýli-
tatively by constructing horizontal constant-load lines in the top diagrsm.
of Fig-ure 96. The strain rates at various values of the elongation may be
determined from the intersection of the horitontal line with the load-olong-
ation curves. Creep rate vs. elongation curves constructed inthisway for
various values of the load are also plotted in Figure 96. This construction
assumes that the strength is dependent only upon the instantrineous values
of the strain rato and the strain, and is independent of the past history
of the deformation. This ass-mmption has not boon justified by exp•riment
and cannot be true over wide ranges of strain or strain rate**, but the
results of this approach are qualitatively in accord with the observed
creep behavior. Slongation-timc curves for constant londs mna be constructed
by integrating the creep ratc vs. elongation curves, and are presented in
the bottom dliagram of Figmure 6. It has boon pointed out(251) that the
series of curves of Figure 96 can apply to different temporatures as well
as to different loads. The effect of cha-nging the tenoeraturo is qualitn-
tively cquivalcnt to the effect of changing the load.

"*More thorough discussions of the croon problen nay be found in sev-

oral references(251-253, 177).
**The validity of the assumption is discussed in detail In a recent

pnecr(177).
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The creep curves (elongation-timic curves) of Figudre '6 are gen..-
Serally divided into three regions (Figure 9•7); one in which the deformrtion

occurs at a decreasir.g rrate (prim~ary creep), one in ehich the rate is approx-
impate'y consteznt (socondary), ntad one in which theo rate increases rapidly
(ternary). The first stage consist of plsi flow and probably anelast-ic
deforma~tion, the socoad stage of uniform plastic defornation, and the third
stage of localized flcw -- "necking" and -pcrlhps local, fracture (by grain
boundary separation).

Th~e creep: r-ntc de-.3ncis primarily on the streongth, and the strain-
lia1rdcniii.7 of the metal as a function of tor.porraturo -.nd ra-te of strain..
The stra..n-h:%rdoning in turn dc--)onds upon the strength of the mctal, theo
raýte of recrystallization -,nd recov.e:ry, nnd the presence of precinitaition
effects (ns functions of tcrmner-ture and stra~in ra~te). If -.ny type of pro-
ci;)it,.tion occurs th!%t progressively strongthens the mctal,- the strai-b.Jar.r-
dening is increased -,nd the crcoa ra-to decrea.sed. In stoels, the proccS3
of secondary, haýrdening through the form-%tion of conrylox- caýrbides is p-ro-
baýbly responisible for the suirnrior croeep rosist'rico of stcels conta-ining
c-arbidc-forming elements. If, on- the other hand, trnnsforri-tions occur
a~t the tostira or service tow;i'' )raturo tha,--t roduce the-I strolagth, the creep
resistance will be decrea~sed. For c~za-r~npo, softening arising from the :i--
glomric-tiona of cairbides increases the crcoa- rate. Somoiti-,.;s, under ccrt-Lin
conditions aýt elevatod tom~rrac!turos, chomic!al reac-tio~n of' tlhe metnl 1'with
the surrounding mcdiimr occars anxd. embritt-les t01e metal.

The discuassioan ~bovo is concerneod with plaestic flow as aresult
of sustatined loadsd. Froauently, howaver-, the naturo of' the. fraýcture varies
with tenzeraýturo. and rznitucic of the l@pied load. 'if, for xnla
eleva~ted tenperaýtures the precipit-tuion thart caýuses te-moor brittleoness oc-
curs, the fracture-stress curve will be lowored, causin".g a% prouaýture frac-
ture ,at tho elev--ted tom-peraturo, or brittle fracture rat stross con~centra%-
tiorns upon subsequent ].oadi-.( aýt low tcr:.peoratures. At eleva-ted tcrpera-
tures brittle inteore ryst:,lline fra-ctures ha~ve also bccn obscrvod(251) -.nd.
are frequently of i;m.portnncc.
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rIGURE. 56

RELATIONS BET•WEElT YIELD STRENGTH AND

TENSILE STRENGTH AND BETWEEN BRINELL HARDNESS

AND TENSILE ST.E.GT~i FOR TYPICAL COMMERCIAL

STEELS (.25 - .45% CARBONý)

(AFTER 0ATTON(209'))
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FIGURE ~

REIATION BTjEEN ELONGATION AM TENSILE

STRENGTH pOR.TYH CAL COMMERCIAL

STEELS (.25 - .~49% C.ARBoN)

(AFTER PATTON( 208))
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F'IGUE 60

RELATION BEIVMN REM7COTION OF AR•1•

AND TENSILE ST GTH I-ORT TYPICAL POMMOOIAOL
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(AFTER PATTON(209))
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ROCKWELL "C" HARDNESS

FIGURE 62

EFFECT OF HARDNESS ON YIELD a BEND STRENGTHS OF

TEMPERED MARTENSITIC STEELS. (AFTER ZENER a VAN WINKLE 2"9)
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FIGURE 63

EFFECT OF TEMPERATURE ON LOAD-ELONGATiON
CURVES. (SCHEMATIC)
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FIGURE 64

EFFECT OF TEMPERATURE & STRAIN RATE ON
THE YIELD STENSILE STRENGTHS OF STEEL

(SCHEMATIC)
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FIGURE 6 15
EFFECT CF TEMPERATURE ON TENSILE PROPERTIES OF STEELS
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FIGURE 67

VARIATION OF STATE OF STRESS ACROSS A NOTCHED
CYLINDER IN TENSION. (AFTER GENSAMER" 4 ).
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SQUARE ROOT OF RATIO OF THE DEPTH OF THE
NOTCH TO THE RADIUS OF THE NOTCH

FIGURE 68

EFFEMT OF NOTCH DEPTH E SHARPNESS ON THE
LONGITUDINAL TENSILE STRESS AT THE BASE OF
A NOTCH (AFTER COKER & FILON"ts)
(FOR "V" NOTCH CHARPY BAR)
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FIGURE 69

EFFECT OF DIMENSIONS OF NOTCHED BAR ON JTHE
TRANSVERSE CONSTRAINT (AFTER HOLOMON"')
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FIGURE 70

EFFECT OF STRESS CONCENTRATION FACTOR ON
TENSILE STRESS NECESSARY FOR YIELDING
(V-NOTCH CHARPY BAR) (AFTER HOLLWMION91)
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FIGURE 71

EFFECT OF NOTCH AND IMPACT ON STRESS-STRAIN

CURVES OF TYPICAL STEELS. (SCHEMATIC)
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FIGURE 72

STRESS- STRAIN CURVES Ek IMPACT ENERGY
AT LOW TEMPERATURES OF A PEARLITIC STEEL.
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STRESS-STRAiN URVES a-IMPACT ENERGY AT LOW
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F IGURE .L4

TYPICAL NOTCIMD-BAR FRACTURES

OF STEEL
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FI GURE L6

VARIATIOI,7 OF IZOD INPACT EN. GY WITH

TEISILE ST'R.,'JTH OF COMMERCIAL STEMS

(ROOM T7P.MWTLE . 25 - .45% CARBON)

(AFTER PAITOY(2O9))
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EFFECT OF TEMPER BRITTLENESS ON THE IMPACT CURVES
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The need for cooling oteel parts ranidly from the austenitizing
temperature range through the poarlite and bainite ranges In order to fo q
martensite was discussed In Chapter I1 The fundarmental factors governing
heat flow in steel irts have been discussed in Chanter I1, The a-nlica-
tion of the knowledge of hent flow to cooling Lteel parts ranidly from the
austenitizing temnerature through the pearlite and b~inite ranges is the
subject of the Drecent chanter.

Practical Qu•ndhin,, Media

Ouenching to ordinarily carried out in a fluid medium, commonly
water, oil, or air, The temnereture range of most rarid trannformation
"from austenite to -earlito within P, ste,_l nort gner•lly corresponde to
temneratures at which aqueous and oily mcdir(12) p rovil e stage A or stage
B cooline. The temnorature rang•e of moat rtrid trarnufo.cmation from austen-
Ite to bainite renerally corresponds to tem'oeratures at which oily media
-orovide stage B or C cooling while aaueoun media provide stage A or B*.
To minimize the -nosibility of the nearlite and bainita transformations,
it is usually desirei that the rate of host flow acrors the steel-medium
interface be high during the A and B atages. A high film coefficient and
high quenching severity -is thcr6.fore desired in these stagee.

A steel-watir intrface has a very high film coefficient during
the B st&ge(137). It is principally for this reason that water is so
ofton used as a ouenching medium. Unfortunately, the ouenching severity
of a wat 'r it relatively low during the A stagc., prhaps 1/10 that in
stage 2(137). Moreoverv the A stage tends to pe.rsist down to low tempera-
tures. To obtain sattsfactory quenches in awueous media, measures are
freouently eamloyed that raise tho tomn:ýratur: of transition from stage A
to stage 1. Usually tic water Is moved relative to the tart surface. This
may be done by movirpg the part, th- watr, or both. Agitation of the water
provides movement mast the steel surface, at well as turbulence. The tur-
bulence tnde to raise the transition teroerature and aleo th? auenching
sevnrity in both stages. The water may be imvelled against the eart by
nrAesure, through a nozzle or te a enray, Such methods can be used to
insure movement of the water through recesses in th3 part, where ether-
wise the A stage, with its slow cooling, would -ersist,

ApTnroximate values for the auenching severity of various media
are giver) in Table II. These values are for the aurface temperature range

*For high ED values the tamoerature difference between center and surface

is such that the surface enters tbe C stage while the center is at a high
ttnmrerature, However thoc rate of cooling of the center will continue to
be controlled by the -prior A or B stage cooling at the surface until the
center itst!f reachee nearly the temneraturk- at &hidh tho curfaco chatuiod
from B to C stage,
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f affecting the vearlite transformation within steel tarts, and in the case
of anueous media are combinations of the values for A and for B stage
cooling*. The values found range from 0.9 - 1.0 inch- 1 for otill water
to 4 inch-l1 for violently agitated water( 6 5). The increase with degree
of agitation is undoubtedly due primarily to an increase in the transition
temperature and hence in the imvortance of the fast B stage relative to
the slo,,w A stage, rather than to changes of the quenching sverity within
either stage.

Tbe trarsition trmoerature from A to B stage water-cooling can
be raised by additions of codium, cnalcium, or lithium chloride, sodium hy-
droxide, sodium carbonate, phosphoric acid, sulphuric acid (in small
quantities) or other soluble inorganic comnounds(132, 133, 137). As dis-
cussed in Chapter II, this effect may be associated with an increase of
the surface tension between water and steam. Solutes, such as eoap(132-
*134), that lower the surface tension, lower the transition temperature and
are, therefore, generally to be avolder. when hardenin- in rater. The ad-
dition agent most co,,.only used is oodi-•r chloride (common or rock salt),
which in inernensive and is not harmful to the o-rer'tors. It does, how-
ever increase corrocion of the metal vwrsils that hold and circulate the
water. Exmrense ordinarily prohibits use of any addition agent in those
canes where the auenching medium Is d•icar0.ed after a single use. Where
corrosion and exrcxwnsc, consideretiono r'.'rmit, sodium chloride brine rather
than plpin water can be used to rr01Aie the transition tempercture and thus
incroase the rate of coolinr in th% pearlite and often in the bainite

i rang,:. Quenching severity values for sodium chloride brine (probably 101
by weieht sodium chloride) have been raýoorted(6C) to ranne from 2 inch-1

for still brine to 5 inch-I for viol.ently agitated brtne (Table I1). On
the basis oV surface tension data, it might be expected that calcium
chloride would have a greater effect than sodium chloride in raising the
tran.sition temnerature and hence the effective nuenching severity of water.

Teninerature of the water has a great effect upon the t mnerature
of transition from A to B otage cooling; the hotter the water the lower
the transition tennerature(132-134). Figure 89 rrovides a good examnle.
An increase of water temperature decreases the, cooling rate (quenching

*These va-lues (except those for milt) were determined not by heat flow
measurements but by studies of the extent of Tearlite transformation
in steel cylinders of various sizes auenched in the media(254). Another
method of obtaining an average H-value has been suggested: The extent
of transformation in a steel when quenched in the unknown medium is com-
pared with that of a standard shave (such as the Jominy bar described below)
cuenched in a standard medlumi(255). The H-values in each stage can be
obtained by determining the cloves of the cooling curves when nlotted
as in Figure 21. The velunes for salt nuenching giver, in Table II w,'rc
found in thin way. Another method is to sunnly heat continuously to a
part while in the quenching medium, and to measure the surface tempera-
ture and the heat in-put when the surface temperature becomes constant.
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severity) within each stage only slightly. However, for the results
• illustrated in Figure 88, raising the water temperature froal 700F. to

S12p°, (210C, to 5000.) lowered the transition between A and. B stages
from about 1980°P. (86000.) to about lOS0°07?. (590 0c.). Increasing the
water teidoerature to 165 0 F. (740o.) lowered the transition to about 6700 F.
(35000.), To obtain a high cooling rate in the ýoarlite and bainite t'm-.
rerature tanges, it is, therefore, imoortant to ke;wo theý watr cold. It
has be,-n ronorted that satisfactory cooling rates in those ranges can bkc
obtained with werm brinoe(256): prenumably the vrnsence of tho Palt keons
the tr~init.on temmer,'ture moderately high deeritr the medium being warm,

In addition to the oroblem involved in maintaining a high trans-
Ition temneratare from stage A to stage B with aqueous media, difficulties
arise from the relatively high quenching severity (cooling rate) of these
merlia. durinr the 0 stage. The temrerature range of the transformation of
austenite to martensite falls within the C stage(137). To minimize the
likelihood of qcunch-cracking, it is uiiually deiqirable to decrease the
temneraturp gradient throughout the iart by cooling slowly through this
temperrture rangpe. A low quenching sverity in the C stage is, therefore,
advantageous in cases, such as with aqueous media, where this stage com-
mences below tho rvnge of rapid transformation to bainite. Additions of
various Rolutes to watpr seem to heve little effect upon its quenching
severity in etzgo 0 (132, 133). Motion and turbulince increase the
severity semewiat. Changes in iaedium toemperoture soem to havw little
effect u~on the film coefficient or ouenching severity(133). However, an
increase in medium t emperpture does decrease the temoert.ture differcnce
across the interface and so tends to decrease the rate of heat flow.
This effect is aw1recieble only at temperatures not far above that of the
medium; nevertheless, since it is Ct such temneratures that quench-cracking
is most likely to occur, the effect may be of some r-id in ,LVD iding crackinc.
In genrral, little advantage can be ta.ken of this with aqueous medin, since
raising the medium temnerature has such a strong tendency to lower the
temperature of traneition from A to B stage.

Oil in used as a cuenching medium primarily because it has a
much lower ouenching severity in stage C than water(137), and is, there-
fore, generally mach less likely to crack the piece, Because cuenching
oil has a hi(her boilinp noint than wator, the C stage commences at a
higher temn-raturo. This is advantageous in providing rrotection agcinst
cracking, but hn.s the disadvantage thet the C stage mriy commernce before the
center of the -ort has vassed. thfý tiemnor'ture of the bainite nose, thus
increasing the likelihood of bainitp formotiono

The nroblem of r-isine the temnorature of traneition from tho A
stage to the feat B stage occurs with oil ,s well as with water. How,.v:-r,
it is not as imnortvnt in th'- cpse of oil, becauqe the diffewence in cool,
in,. rate brtwe(n the t-o -ta~es iq not as gret. Indeed, the nuenching
sfvrrityv •tlrInp sttf A ts, for •one oils at lowst, grf:'tpr thnn for
water (117). Motion -nd turbulonco tend to raise the trrnsitlon temperr-
ture or oil, and ciertain addition agents nrobably al.o do S,. Chanping
thn t~mprrJture of oil has much less offect thandhanýinv the temperature
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* ~of wiater. Presuma~bly this is bec~ause the direct effect of increasing
medium, taemierature in maintaininig & vav~or layer (etae A) is counteracted
by the decrease in viscosity of the oi~l and correspionding inorease in Its
turbulence.

The quenching severity (film coeffi~cient) during th,- third stage
is probably not decrreased. by rz.ising the oil temperaturn; more likely it
is increa~sed eompwhat. Howevir, the oil crn be heated sufficiently to de-
crease the tnmrpraturr differance across the interfceo sig~nificantly in
the, martensite temperotnire range, and so to decrease the rate of heat flow

* in tha range wh+ere this is desirable. In inractice, quiaching oil to
* upur~lly used mompwhat abovoi room temnnr:xtur,?j temperatures almost uo to

the flvq~i point are Roetimies employed.

The quenching charactieristics of various oils differ aD-oreciably
(133), but the effects of commonly determined c~haracteristics such as com-.
rosition and viscosity upon the quenching characteristico are not yet comn-
vletely understood. Little is known even of the differences between the
behavior of retroleum oils and of fatty oils. It dons vxnrmar to be gený,rol--
ly trup thrat as the boiling -point is rvised, thrý temrerttureg of tri ngfoz, A.t-
tion from qtage A to R itagn and from B ty C also incrp'nee. Qtxeinching 5ev-
Prityr vvlueýs rangi~ng froia .29 - .30 inch- for still oil to .9 - 1.1 inch-1

for violently agitnted oil have boon r--ncrted(ý9). (T-,ble 11). In r~elect-
ing a quf!nching oil not only the vuenching charvacterlstics but also others,
such Pm "lpaqh and firý opoints, stebtlity in service, Pnd cost, arr usuýIll~r
of inter-Rt.

The use of emulsions of oil in water hae been suggested to achieve
cooling rates Intermediate between oil and water. S~uch emutlsionis have,
ho-.ev-r, the high q'lenching severity of water during stage C as w'las lowr
teim'eraturr's of traniition from stage A to B (135). Thoy, tblorefor'¾ apon-&r
to offer no advantajeo ovor watnr.

Thfe use of m~olten salts as auonching media. has been increa'sinr,.
Ba~tectic mixtures uf alkali nitratps ran nitrites r~re most commonly u~sed.
because of th"oir low melting, points. The tad~vaptageý of sRlt ouenchres IRe
that the medium can be made hot enough to greatly decrease the temnera",ure
diifference across the metal-medium interface, in the martensite temreratl)ý-e
range. This slows the rate of heat grlow and doecreases the temrerature
gradients within the part, in the range wheýre crr~cking is most likuly to
occur. The salt temDolrnturo can be mado high 'r then the Me tempelreturý' So
thr~t the temoer, ture within the pci.rt c:.n be comp~letely ecurlized before' th.!
"steel is cooled through the marteansite rungc. Mor(eovrer, this subsequent
cooling (for which, ordintrily, theý iotrt rmist be removed from tht, s43t) Can.
often be carried ont sloutly, as in Air. Many of the sults used w'ill boll
or decom~nose to gaseous rroducts at th'o teap craturrR for rustpnitizing.
so thAt B stcge tand perhums A stage cooling czýn ocour. It coTpearr, how<'Ž-rr,
that salt quenching maty sometimes be entirely 0 st:age. Becouse A str-ga
cooling it loes -orominent, apitvtion probably hvas less effect on salt
ouenchesi than on oil, thouch it undoubtedly is import!ant, Salt temi~eretturH~s
vlso, erobably does not rffect the. quenching sev-riti-c, vrry grfeatly, but
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does, of course, anrreaciably affect the t,,empjerature difference across the
Interface at the lower surflace temrneratur-3s. The- onenching sev'ritios of
nalt eusr-nohý,a (at surface tlDrrt'eoorreqnoneiing to m',tal tn1mr.nratur-e
In thpn nearlltp range) arn of the mame order of maoznitude rm oil oucnchcs,
t-indirg rprlmwnA to b-, somewhat lower (Table II).

QZuonchinp in molton metr,.l h1,L. tho snmo advfntaige of' - high
'm',dium- t-vmw'rr'turc a~i salt nluonching.. Tho quenching chir-ct.,riqt ice of' the
dirff-r.,nt mota~ls and rlloys do not winnear to hsvc beeon systpmtlticvlly in-
vestigated. Lead is commonly used in rroduction heat-treatment. Lower
melting (but more exrensive) euitectic mixtures, such as Thod te metal, have
beepn used in laboiratory work, As the mietals and alloys used ren--rally do
not boil or docoinnoneý at thel austenitizing t-inperature~q. thoy -orovide
cuonclling thst If; entirlyv C stag,,. Leadc. has be'nn stated. to give nuenching
r~veritics of the same ordor ais oil -nd ec.lt(257, 25S); it itygiv,- some-
wha-t higher s-veritioE.

Air ouenches have often bqen used to minimize gradients within a
part by providing a low quenching severity and hence a low cooling rate in
the inartensite range. They accoumrlish this purpose, but at the same time
provide a low ftiin coefficient in the nearlite and bainito tempcraturcý
rang.'H. An a result, only steels th: t transform vnry slowly in theý pearl-
ite and, brein~tn rrnges will harden to ma~rt nqite' unon Air-cooling ('xcen-t
in very thin sections), Air-cooling Is wholly CI stvrge, and the quenching
severity (film coefficient) does not ohange :m ,ch with the surftcc xrca
ture or with the medium teninervture. Fe' t tr' nsf or by ra~diation betweena
theý ra~rt anrd the surroundingr wells oftfen p~layp 1i considerreble rnart in so-
c ll'Ad "v-ir-croJltng", -o the wtAlls tas well as thr, air must be, considepred.
Tmn aunhi psve~rityr of still -ir h n bnon r-norted(25 14) to be of the
order of .02 imelt 1 . (Table- 11.)

flaspoug atmoraoheres that do not decvrburize the steel surface
are rometirnes used for cooling in -nlace of air. Hydrogen and helium have
alqo be,,n used, in laborptory work, to nrovidle quenches more ranid. than
air, arv9ý carbon dioxide. to rrovidc 'U'?fcffRs s-lower than alir. For equ.al
gas velocities-, nr'~ssurrq, and degr!ee of agitation, the, eu~nclhing swefr-
±ty (1yrum corefficie~nt) a.-nrars to incrererq with thý, theýrmal conductivity
and nrreeumo~bly withi tho heat ctem-!cityr n),r unit volume. of tho gs

Somietil c's ni, ces areý oun-fchid by -oplcing them br~twccn coldl St'..l
dice. quch coolinp mary b- considererd to be 0 ta" theý ou-nching Peverity
does niot chence( much '4rth temnerrturý;. (It must bo reýmemb-red thult not only
theý ouenching -ev. rity or film coefficient bin also the theýrmal propertitS
of the. di iný mt.,f I Itslf arlx ot' im-nortar~c e If en :apprccia~ble, rmount of hp,: t
from the, nirt rea-,ches th" bo-ok or outside. surface of the. dies.) It does
noeV an-near that quenching severities as high as those attained with oil
quenching can be obtained by using steel as the ouenching medium(l33).
This ty'ne of die-ouenching does have the advantuge of holding the part to
a eiven share during cooling, wohich annears to bie of aid in minimizing
distortion.

-101-



Equivalence of Cool:ni Curves

Criteria of MEuivalence

ror design purnoees it is desirable to determine whether or not

the cooling curve at one position in a part is metallurgically eouivalent
to the cooling curve at some position in another nart. The curves will
never match exactly in all wartioulare if the two cases differ In any de-
tail. Even for homogoneous austenite of the same crmwosition tind grain
size au.enched from the ernmo temnrature into rrediv. vt the samo tem1p-rature
and hrving ounnching severitien Indenendent of uarface temprature, the
cooling curves will be of diffpr,-nt sho-ens if th, shaneR or sizes of the
narts, the ponitionq within the parts. oi' the quenching severities differ
in the two ceases. To talk profitrbly of ocuivalence of cooling curveq tI.t
have different shanes it is necessary to establith a criterion defining the
cooling. Vor studies of hardening this criterion should be based upon con-
siderstion of those characteristics of the cooling curve that determine
whether the steel will transform in the -earlite or bainite ranges or will
remain untransformed dovn to the martensite range.

Among the critpria that hav- be-n sugraeted are the cooling rete
at a given tmmrrtiturt-(259), such as 13000, or 10000 F., and the time to
cool th-ough a given temperature range(2 6 0, 261), such as 11000F. to 9000 F.
or 1350 6'. to cO00vF. The half-tV=mrpraturŽ time(262), th:.t is, the time to
cool from the initirl temnerature to one midway between the initial and
modium tomperatures, h,s also been nrolosed. Another criterion th"t h;.s
been suggested is the cooling coefficient(263),which is defined as the
constant ratio, between the (fractional) cooling rate and the fractional
temperature, that is anrroached as the fractional temoerature decreases
(0 o eouations (2-1) and (2-3). The slope of the lower Dortions of the
cooling curves of Figure 21 is a measure of the cooling coefficient.

If the nD nroduct is low and constant, the cooling curve Tor any
voint within the rart is not far from exnonential. Two curves for which
the HD troduct is constant and low (not over 0.1) will, therefore, match
esnroximately if iny of thin suggested criteria are eoual. Under such con-
ditions all of the crite,•ria -,ill be eoarlly vc lid. This -rill be true
whether or not th- two initial tempore-tures are cýouJl. It will also hold
apnroximvtuly even if the two media temperuturos differ qomewhot (cxcert
at tempoeratitreq tvrroachine or below, tha.t of the warmer medium). The cool-
ing curvcs will not match, hoeevw r, if thu a:irti arn made of steels having
thermal diffunivities thvt change -- rrci• bly with týmreriture within the
range of cooling (unless the two diffusivities change in the same way).

It has been pointed out in Chanter II that the cooling curve at
any noint in a cuenched part arnroaches an exionential curve as the temper-
aturo or the rart apnroaches that of the medium, if the thermal character-
istics of the Dart and of the rart-mrdium intrrfacc do not change greatly
with tumnpraturp. The fractionv.l tem-nnrature at which th.- cooline becom,1s
avnroirimatoly exponential is Rhown in Figures 99 and 90 for the center and
surface of cylinders and platns. Th, dernivtion from exnonential cooling
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in small for temperatures somewhat higher than those indicated in the
f .• figuires. Only that rart or the cooling curve balow the range of austenite

stability significantly affects the decomrosition of austenite. For a
mart ouenched from tom-'jarturea reuonably rar above the A3 a:nd Acre tem-
oratureR into a medium not much over room temperature, the cooling of the
center does not differ much from exponential through and below the temnera-
ture range where transformations can take place (provided thi thermal dif-
fumivity and quenching soverity do not vary much with temperaturri). This
will bp tru? even though the center does not cool exnonentially -.bove the
transformation range if the HD is high (Figure 21). At the surface of
plates and cylindors, however, the cooling within the transformation range
differs considerably from exQponential for RD values much ov'or 0.5. For
positions half way between center and surfp'ce the cooling is exponentinl
within about the same limits as at the center.

For those cases where the cooling is n-pproximately exinonential
over the range of metallurgical interest, tny criterion, based u-on the
exponential relation, that does not involve cooling bt higher temperatures
will be valid. Thus, cooling rate at any temperature within tee range of
exponential cooling, time to cool over any temnerature interval within
this range, or cooling coefficient can be used. Criteria involvinz cool-
ing at the ugrer end of the range of exoonential cooling (such as cooling
rate at 1300 F, or time to cool from 13500Y. to 9000 F.), will involve more
error than criteria bas-d. u-von lower-t'mroratur,' portions of th., cooling
curve. A criterion (such as half-temm-rtiture time) based to t larg,Ž extent
u-pon -nortions of the cooling curve above the rrnge of exnonential cooling
woiild be exnected to Involvw consid-rable error.

The cooling curves at and nenr thi, 3urface of rarts for high RD
vplues arp not close to xoponontinl within th., rpnge affoctIng the nearlite
or even the bainite trr'.nsformftion. To nronerly comrore such curves, it
wol1ld be necessary to integrtte over them the lm)unt of trrnsforinrtion oc-
currinR for the steel under consideration (or the fraction of the time be-
fore transformatin begins) and comnare the resulting integrated values.
"To do this it wo-ld be necessary to know the transformation behavior of the
steel as a function of time at all temoeratures, as well as the quantitative
"effect of holding at one temp-rature within the transformcrtion range upon
subseouent trpnsformotion At a lower tem-nrature, (This last is, as han'
be-n discussed in ChaPntr I, fairly well established for the roarlite trans-
formation but not for the bainite.) The equivalence of the cooling curveo
would thcn denond on the trnnsformr:tion cherf:cttrlstics of the steel. Two
cooling curves equivalent for one steel might not bo enuivalent for another.
Prrctically no work has been done toward solving this nroblem.

The orocedure generally adovted for comparing cooling curves for
-ositions at or near the surface for high RD values has been to use some
arbitrary criterion, without considerinp its justification. Cooling rate
at a selected temoerature, time to cool through a selected temoerature
interval, and half-temperature time have all been used. They give differ-
ent rosults. Moreover, with the first two criteria, the result (Dresence
or absence of equivalence) will 4erend unon the verticular tomrerature or
ternoerature range used in the criterion. Cooling coefficient has not bepn
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a. used for comoarisons under the condition Mentioned: it would not be expected
to be of much value here, since the coefficient is the same for all vosi-
tions in a rart. No systematic investigation of the merits of the various
emsirical criteria for cooling conditions at or near the surface during
high ID cuenches has been made; one investigation(262) indicated that for
one steel (SA 31410) half-temperature time gave a better indication of the
extent of transformation than did cooling rate at 10000•.

loulvalence of Center Coolin Curves

TFor obtaining full hardening throughout a part the cooling curve
at the centpr is of primary interest. For comnorisons of such curves, the
cooling ceefficisnt seems to be at least as good a criterion as any that
has been troposed, "nA has the advantreg of being simnlest to complute from
the laws of heat flow,, To avoid the confusion that would be involved in
comraring each of the senter cooling curves for a number of sizes, shares,
and severnties of ourrch directly to each of the others, the cooling of a
standard shape when eiuenched into a medium of svecifted severity can be
used as a standard wlh which to corao are all the other curves. The "ideal
round" has been widely adopted aa the standard(262). This is a round bar

of infinite length (right circular cylindr) having a constant thermal dif-
fusivity and quenched In a medium providing an infinite film co,fficient
(infinite severity of quench H and so infirnitc vElue of the product ED).
An infinite film coefficient meamcs that the metal surface is instantaneous-
ly cooled to the medium temperature, 9roviding the fastest possiblo quench.
Figures 91 to 96 show the size of ideal round having the same cooling co-

4 efficient as various sizes of rounds (solid cylindere), plates, and hollow
V- ., (right circulter) cylindorc, quenched in media providing severities of 1,

.3, and .02 inchl 1 (Table II). These sevtrities were chosen as the est-
imated severities obtained in ouenching medium-,olloy steels from the aus-
tenitizing range into still water, still oil, and still air, at room tem-
nerature (Table II)*.

For squares, the ecuivalent ideal round size is 00-ll0 per cent
of that for rounds of the same thickness. For cubes, the ideal round size
is 93-91 rer cent that for rounds of the same thickness, and for snheres,

4* %•O-91 per cent. The effect of cooltng the ends of round and square bars
may be neglected unless the length is almost as small as the thickness(1¼'),
in which case the values for cubes or snheres may be used. Rectangular barn
are intermediate between souare bars and rlates. Most narts can be treatreA
an a'roximations to thr simnle shares mentioned, if it is remembcred theft
the cooling at the center (if H is approximately constant ovrr the surfatcc)
is primarily a function of the smalle9t dimension (thickness), the other
dimensions having relatively little influence.

A eoiecAl ehane that is of considerable interoet in metallurgical
design for hardening is the end-nuench hardnanbility or Jominy bar(261 ).

*Equivalence charts covering a.ll quenching Reverities are available in the
literature(26 3).
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Thia is a cylindrical piece 1 inch in diameter and 3 or 4 inches long,
* having ends cut square. It is cooled with its axis vertical and a stream

of water avolied to the bottom end while the sides and toio cool in still
air. The water is at a temnerature of 75 ± 50 F. (24 t3 0 C.) and passes
through a 1/2 inch diameter opening 1/2 inch below the bottom of the piece.
The flow of water is such that with the snecimen removod the water column
rises to a height of 2-1/2 inches above the opening. The cooling condi-
tions within the Jominy bar during this quicnch vw.ry little aocross the
diameter, but vwry considerably P1ong the length of the bar. Neglecting
the air-cooled end, cooling of the Jominy bar may be considered as a com-
bination of water-auenching half of a six or eight inch nlate and air-cool-

ing a one-inch round, It has been renorted(2"5) 1hat the water-auenching
orovides a quenc•ing severity of about 2.33 inch- , and the air-cooling
about .022 inch- . It annears to mvke little difference whether the lnlate
thic1ness in considered to be 6 or g inches, corresmonding respectively to
a 3 and a h inch long bar.

Since the cooling conditions at least near the 1.-ater quenched end
of the Jominy bar are qimilar to those near the surface of a auenched nlate
of high FD value (l4 to 19), no theoretical basis for comrarison with cool-
ing conditions at the center of ideal round- or other sha*eq exists. It has
been renorted that reasonably good results are obtained by using the emnir-
ical criterion of half-tpmrerature timi, and a curve qunnorted by som, ePxer-
impntal data has b.,.-n •ublished for com.arison~of distanc.s along the -
Jominy bar with siz~s of idenl rounds having the same half-temnera-ture time
at the center(26 5). This curve has beon replotted on logarithmic scales
(on -rhich it is linear ovnr most of the length) and is show,,n in this form

( in Figure 97*. By combining this curvo with those of Figureýs 91 to 96,
Figures 99 to 103 have been derived. These figures rermit the direct de-
termination of the position on the Jominy bar hziving cooling conditions
ecuivalpnt to thoie at the center of rounds, plates, .nd hollow cylinders
under va,;rious spveritins of ouench.

In using Figures 99 to 103, it should be kent in mind that the
com',arisons are for shae.es, ideal rounds, and Jominy bars having ecual and
constant thermal diffu.ivities, that the severities of ouench are considered
constant over the temmerature range of the cooling, and that the cooling
media are taken to be at room temnerature. The thermal diffusivity of
austenite is not indevendent of temperature and varies somewhat with comno-
sition, docreasing as its carbon and alloy content, incre.s-**. The tr.ans--
formv tions tbht occur introduce herat evolutions which effectively change
the diffusivity, and the diffusivity of the decomnoosition nroductq diffors
from thrt of rustenite. The scveritips of wator and oil cooling ch!ngP
mrprk,'dly during the ouench (becruse of th- three-stage n,-ture of such

*The rortion of the curv. at rnd bpyond 2 IncheA from the cuonched ond 'ws

cr.lculntod by the authors nnd includes tho ?ffect of air-cooling tho top
ond of the bar.

**Ths vwlu,- 0.009 In. 2 /ec. for the diffu.lvity of .ut'nite h- been sag-
g.sted r.s P first trmroxim,.tton for st,.l- of modorr.to carbon ond rllo7

A content(2 6 9).
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.auenches), and the severity (averaged over the anmropriate temioerature In-
S• terval) it greatly influenced by such factors ae the degree of agitation.- The cooling medium temDerature may differ somewhat from room temnerature.

Moreover, the crit-ria of eouivalenem used (particularly for caare involv-
Ing the Jominy bar) are not exact. Hence the figures cannot be considered
to be of high accuracy, and are intended simply to be used as first approx-
imations in design work. With this in mind, they have (by uaing R values
for still rather than agitated media) deliberately been mwde conservative,
In the sense thr't the eoulvalretnt idpwl round sizes and Jominy distnances
indicated are sompwhat lower than thosi thnt have generally been found
exlerinmentally for the typ,'en of media Indicc.ted.
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TABLE T T

"(LI =ii:.:
,6ircuation 'Value of H in Inch- For

or _____ _____

A• .t at i on 3rTne; lio-ter* saft

I

1Ione a2 to 3.0 .25 to ,30 ,20 to .25 .02

viild 2 to 2.2 1.0 to 1.1 .30 to .35

tioderate 1.2 to 1 -3 . 5 to .40 25 to .30

Good. 1.4 to 15, .4 to .5 .

Strong 1.6 to 2.2 .r to

Violent 5 4 t E to 1.1 .4 to .5
III 

I

*After Grossmann (65).
**After Grossnann aina Asimow (254).
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If steel parts are to hove a martensitic structure P•fter quenchi:1g,
they first must be onstenitized rtnd then cooled aufficiently rapidly to
avoid the formation of pearlite, bainite, and proeutectoid products. If,
on cooling, these transformations are avoided, the resulting stracture can
only consist of martensite (and retained austenite). The "hardenability"
of a steel is a measure of the severity of cooling conditions necessary
to avoid traaisformation in the pearlite and bainite ranges en continuous
coolind(26 7). The less severe are the cooling conditions (the lower the
rates of cooling) necessary to prevent the formation of pearlite and
bainite, the greater is the hardenability, Since the pearlite and bainite
reactions are independently controlled by the alloying elements, the dual-
ity of the hardenability concept must be recognized. The pearlitic hard-
enability is a measure of the severity of the cooling conditions necessary
to avoid pearlite for~uation. The bainitic har4enability is a measure of
the severity of the cooling conditions nocessary to avoid bainite formation,
The lower the naxinrm cooling rate at which pearlite forms upon contin-
uous cooling, the greater is the pearlitic hardenability; and similarly
for the bainitic hardenability. If, for a given steel, the pearlitic
hardenability is less than the bainitio, the formation cf peaA it iIL
restrict the range of comling conditions over which martensite will form.
If the bainitic hardenabi~ity is less than the pearlitic, the formation
of bainito will restrict the formation of martensite*.

Hardenability Mteasuremente

To measure the hardenability it is necessary to quench a steel
under s, wide range of cooling conditions. The condition that is just
sufficient to avoid both pEarlite and bainite formation (or to form a
specified percentage of bainite or pearlite) is then detormined, If for
slightly less severe conditions the product that forms Is pearlite, the
pearlitic hardenability has been dclermined, while if the product is
bainite, the bainitic hardenability has been measured. If the bainitic
hardenebility limits the formation of martensite, the less severe condi-
tions at which pearlite forms can also be measured.

Hardenability is most often measured by determining the maxi-
mum distance from the qvenched end of a Jomirr bar(25ý. 264, 269) at
which the pearlite and bainite transformations do not occur, or nccur

*It is possible that"the proeutectoid ferrite ana carbid.e reactions

should be considered separately from the pearlite reaction, and that
there are also ferrite and carbide hardenabilities. Little infbrma-
tion is available on which to base judgement of such a procedure. In
the remainder of this chapter, no distinction will be drawn between
the pearlite and proeutectoid reactions, and references to pearlite
formation will be understood to apply also to formation of proeutec-
toid products.
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only to a specified extent. Hardenability can also be measured by deter-
:A L mining the maximum size of round(65, 2c2) that contains no oearlite and

* bainite, or only a snecified amount, when quenched in a medium of known
severity. (.ethods for determining the severity cf ouenching have been

referred to in Chanter V.) The size of this round may be converted to
an eauivalent ideal round size by the chart of Figure 91. A number of
other more or less snecialized methods for measuring hardenability have
also been oronosed(269-277). Hardenability tests for low hardenability
steels have been standardized by the Society of Automotive Engineers
and the Amprican Society for Testing Materials(261 4). The air-cooled end
of a Jominy bar is equivalent only to the centpr of a 3-1/2 inch elate
or a 5-1/2 inch round quenched in still wat':1r, and to a 2-inch elate or
a 3-1/2 inch round in still oil (Figures 98 and 99). 1There larger sections
vre of interest, the standard Jominy test is not arnlicable. No tests
for high hardenbilit.y steels have as yet b-en generally adonted, but
marticula-r tests c,'•n be used to fit the rart under study, The size of
round that fully hardens cnn always be determined. 7owever, high-hard-
enability strpels are usually of interest in connection with thick sections
and high D va.lues, for which the shanes of the cooling curves vary so
rrertly with th. shane of the nart and the nosition in the rart that
comnarisons of coolinx conditions are difficult.

The various methods of measuring hnrdenability may be relp.ted
to each other through the criteria of eouivalent cooling conditions
O.iqcusspd in the nrecding chanter. Figure 97, for ,xam~le, shows the
relation betwoen ideal round size and Jominv distance, on the basis of
half-temnnerature time. It is -,,ell to remember that the hardenability is
an intrinsic nro-nerty of the steel and it is only the choice of the
measure of hardenability that is arbitrary.

Generally it is desired to 1now the minimum rate of cooling (or
some o'ther measure of cooling conditions) that will Comtletely prevent
the formation of bainite Pnd nearlite, for in mnny he-.t-trerted rarts it
is desira~ble to nroduce comnletoly mrirtensitic structures, Ho'wever, in
nractical tests of the hardencobility of steel it has not been cons;idered
convenient to measure the maximum Jominy distance or the mn.ximum round
size for which the steel is completely martensitic. The presence of a
small amount of bainite or -earlite is difficult to determine either by
direct microstructural studies or by indirect mech.nical nroperty tests.
It is knowm that the initiation of the pearlite trahsformation, at least,
is not sensitive to cha-nges in cooling rate. At about 50% nerorlite and
509 nartensite, small changes in coolinz r-te Induce the grec-test changes
in strict'ire(262). For this reason, "half-hardening" hs.% been used P.s a
criterion of hardening by many investig.tors. Frecuently, mr.croetch,
fracture, or hardness tests are used to lolineate the half-hia.rd.ned nomsition.
It hras been found that in the case of martensite ner.rlite -iytures the macro-
etch(262, 269) an'i fracture tests(254, 269) in the a&-auenched condition
very nearly delineate the half-h,-rrlen,2d bounedary. The noint of inflection
of the hprdness vs. Jominy dieta.nce curve (on a linear or senilogarith.,ic
scale) rnd the noint of inflection of the center h~rd.npst vs, eir-neter of
roune curve(2•2) also are nen.rlyp eruivrlent to the half-har.ened structure,
when the non-nt.rtengitic conntituent is nearlite,
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Other moro or loss !%rbitrary criteria of ha-rfteninG, intcndcd to
ro-proscat halnf or full1-hnarconiag, irc freqruently used. In soric cases, tho

coo jlG onitions that prod~uce an -.rbitrr harness dora sc s
5 pOin'6ts Rockwell c) below the naximum- hardacss obtaiinab)le in the stoel
are consiaorod to produdo hnrdoning, lMard-ncss valýuos, defined as a fuszction
of carbonn contort n..ro -also used to actorrnino the Pll, -ha-rclncd(2649. 279)
nad hl-hmrdonocl262) Conditions. Such dcfi-I'itions are of different si,ý
nificancn(65, 67) whor. the non-rn.artozuitic c onst itu,,cnt is ba.initc(279) Chan
when it is ý-carlito(65).

Effoct of Al1loyilyr E.c onts on the Pearlitic Mnrd=7n•Ality

If a- plnai-carbo.)n stool of noedoratc or smalJl Cgr.An size is ecoded
at such a rate that it tranisfonms to 50 -,-,r cent zinrtonsito )Xnd 50 p r .cero
noan-nartens it ic product, tho no n-martc:s i tic p~ro ,.uct is pearlite, nccordýin;.
to Geneoral belief. Therefore, if coleriets thatt retrard ocpaually t-he peaýrlito
and bnin ito rea.ctions (or that retare. the "tainito rea~ction !.e.ro than the

pearrl ito) arer added to plnai-cnrbon stools, the limiti-nc ha-rienablity of
the resulting stools, on the basis of 50 !'er cent nnmrtonsite, will ',o the
,poarlitic h.-rdom-abilit-y. If, on tho other hrand, alloyinzGý clements arc
adde'.d that hvo -t ,-,roratcr rct.-rding effect- uipon the pearlite tranrsfcr.-ation
than on the bairiite, a conTposition will be ro:-achod in uhich bainito will
restrict the fom-atio;-. of m,irtensitc,1czueet of the effect of further
iaditions of t~he alloying,- clonont will the;.n aýýly to bri.-nitic hnardonnability.

Several investiga-,t6rs(65-6S) stu"'ýod the effects u-L- ion ha-rden-i
ability of additiona of various ole:-cnts, sing;ly, to osontiallY plain.-

carbon steels. Criteria intendued to remirosont hp-lf-hvxrdoninf;, were cnrplcycd.
For the -%ddition~s of non-cprbide-forriixn.g- clor-onts (trhich, as des-cribedl in
Chanpter I, aperto rot'%rd t.%e isot~hcr1:ia-l poarlito a-nd bvainito reactinns
erirmlly), it appearns that the .-easurenonts erer of -pearlitic hn-don-bilit-r.
The noasureionts of the effects of sna::ll Ouantities of carbidc-fornninp,
elozionts -.1so -)rosvnrý)ly refer to poa~rlitic 1harrdc.naU!bility. Theaa conclusion
inms rcachcd(65) ha the )rosc.-co of a delfinite rmount of each alloyin.-. dcl-
neont increased the (-.oavrlitic) hadnbltcx.rossed in tozt--s of i---".
roind size for hailf-hardeniingj, by a definite prcntg. icehi a
found' to hold, roocnae~ , regardless of the Initial com.-osition =;'_ -i!-xd-
cnability, It vas ~osboto establish Lultipl.yfinc fa:ctors for thc cffccts
of the differont cloricnts urpon poarlitic ha~rdlennbility. Tho. po4.rlitic ad
ena-bility can, therefore, be cal2cul!%ted a-'.ro:;dntoly by r Lti1lying n b7%sc
value 'by ), fa-cto-r for tho m.-nimit of ea~ch !%.loying; clement prosout. rL".is
Ibase value reipresents the hrardlonability (o:crcsscd in ido.-l rouad size) of
a pure iron-carbon -2loys

The fracters for :ýz.Gpxcsc, nickel, :x~ridloaum, C!=viu= silicon,
phosphorus aa,. sul-phur, soloctlod(280) fron sevcral sourcos(65-695, -;

fropp c,6r , -irc indic-%ted in P'i ucc 104 to 106. P.-ctors for bjoroxx
(65, 290), -!irconiu;2(67), v!tiin.-.i~idiun(659 271, 67), alwunw'nx
(65, 66, 69) ouniz), anebalt(68S, !bcrylliun;(bS)v t~~6)
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arsonic(68), tolluriun(6S), tin(6S), a~nd Gcrmnaliun(68) int-.y be found~ in
the roferences inO-icntocl*. Since tho raulti-plyinia fnactnrs for thc alloying
elements qx-onx to v:%ry linoarly with tho pcr cant of the ralloyinýz olcnont
(stnrtinC, frorn 1.0 a~t zero liar cant), thoy caný, be ox,)rossod in the forz:

f = 4.az

whocr a Is aý constant for each eoezncnt and. :, is the iwci~jht -porccntaý;o of
the clcracnt*. VTable III ý.4vcs the factors for thc conmon clcr-o.cnts in
this fern.

It was conclucled(65) from other c':ata(292) that thc lrdcnr.Pbility
(idealI rotund size) vaýrioed !as the sq~uarc root of thc carbon contont, -Fcr
hyvpocutcctoid. steels. This rolnticn was cc:,bincd with the base vn'1uo to
,:io a base line for iron-carbon alloys, which :v-T also ",e termcd. the =nlti-
plying factor for Oarbon (Fituu~re 107 nad Tabi,,c III).

It was found(293,65) that a chnein austcaitic Grain sizc of
1 AIST!I nwffjer rovaltcd in aý fixed. porcbnta-%ýo chivlwc in (,-carritic) hnr.ecn-
-Aility. The --rnin size fvctor anbe com~binc!' with the btase line., for iron-

cnxbon alloys, ass shomn in, Pij.ure 107. Table IV -,re--Ocats the sn'o valaes
in ta:bular ferni.

The h-ard(;rablity base-line j-ust montionod. refers to the size of
idea). romnd. that will half.-h-.rdcn at the cen-toer Inconpiect data(267,279)
indaicate that the huardona~bility req~uired for ~hnlf-ha-rdoninGn with resnact to
:,Carlito is about .75% Of that. recjuircd. for fual-harxdcnainrc(267). Thuýs, the
carbon fractor (base-line) for full-1hardcninj, is a:v)roxin_-atoly .75, ti,.ot that
for hrlf-h,,xeoninEG, anxu is so -;Ivan in Tab-les III -,nO IV. T~he alley factcrs
Oderivcd for haif-hprdeninG :;~ . to bDo valid for full-'hnrmcaing Ulso. The
f-'.ctors rofor, of course, to elements d'issolvcce. irn tho austenito, not norol7
presont in- the stool, nnd arer based w,3on nn initiral stm.tiuro co, i tiCo
hono~ernoous austen-ite.

The form- of the h ondarbi1l.ty Themtors for crarben and, the allryiaC
clenonts indica-te thmt the effectiveneoss of an elencut bocmens lesA as tho

*Tho of facts of boron, zirconium, titaniur.t, rnd vnad ivnz upon Ir~re-enij~il-
ity are not vell understood, The increase in hr~arc~nbllty producced by
ad-ditions of these clonents mqy be very Groat, but =noor discropanrcies
in. the re-ported offocts Wave boon pointed cut(267). It haeou~-otcd.
(291) that these olonorts affoct hndrdonibity by ro:-ctinjzr with nitroion
in the stool, -nd th.At theoir effect ic, therefore, sensitive to tjho Mmmt
~nn ferm, of nitrogen in the material before the n&Utloa of 'boron, ximrc-
.iir7., titnni'u., or v=Aailin.

**Boc3Ca5o of this linearity It .- ,pcais Juetifi:-bl-o to iino tho fnetcrs for
chroni= nn n~4olybdonui for nodorato porecatryoos of those elements, even
thou~it they nro btnsod. upon oxperinent-vl aatra civariaý; &=al -Zýrcezt,-w
onla;o
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nor cant of tho cleoiont incroinsos. This dccroasing effectiveness is ii..
lustrn~tcct in Pimiro 1.07, whore tho frmctiont'L incocase in lrardonn'bility
-nor -ocAioa crcent of eJlcnont rmtded,

is plottaJ. '.rninst tho woir7ht par cent of the oloriont. It is-to be notoed.
th!%t c.r%3bon is tho nost offecctive of the aorrnrn elements belotw .25 -,cr cent,
but -tbnov thr.-t, nanr.rnesc is nost effctive..

This syston fo~r cralcul-.tinC; hnx.rdenability f-,.on co7?csition is
oan.)rtcna rnd. hris not boon qu-ntitatively reltated. to the f lmto.kowi-
00.1- of n~ustenite djoeco-tosition. The linearity of the f actors for sonc of
the nlloyinf: olcncnts ha~s boon qaostioncct( 68) anda. thcrc has boon ci-re
nant over snno cf the niiicricn~.a vnluos for the fr~ctors. I-Tovertholoss, the
system ha,,s Ioncei founj' tn -,vo the I~ea-r1itic hnxdtonability for -nest hy~oa-
toctnid. stoels within 4- 10 'ncr cant, annd provicles mn ",ro.-inr'to riothoel for

c4'cuatnrhr,,rdonab,'ilTty that is often. varyj useful.

Effect of Alloyiniý S1ertents on tho BainiticH::rdcnability

Only recently ha~s the dua.lity of the hrardonability bo~neot ccn
rocoýnizod.(267), andC theehva booen no invosti,7rtions to dectermine exjperi-!
rnentally the of fccts of ,%lloyin,-~ elononts -on the bainitic ]x-rornr' hlity, A
r~ethod. of noaasurinr; the effects of tho r%31layin!-, elenLonts en tho baiaitic
hrarOennbility ha-,s "ocon sugpostcci(267). Instea~d of ac-C.ing the elemecnts to
pla~in-car~bon stool it has lboon, proposed tha,,t they be adOded to steels con-
tainia'r, r~bctt .25% nolybdc'nun. In steels containina this :,mount of noLyb-
donun the form-ation of bnainta restricts the for-mation of martonsito or.
continuw~us coolinG, and., theref ore, the effects of the alloying; elements
on the bainitic h-rdana~bility canr be measured. As yet no r.casurczicnts of
this typo have, been ma,,de. ten-tative system of predicting the baintic
hardcloov~ility ha-,s been developed on the bnsis of a survey of published
S-curves ancl Jorniny test resUts, rand rany be of some use i~n cases where a
rout-h estimate of the bainitic harcionr~bility is roqu~irod(267), In the
derivation of this tentative syston, it was assumed. that the nethod of
coiibining, the effects of ralloying elements for poarlitic harclonability -p--
plies to the bninitic hrowrtonbility also, and, th'at ch~ranges in the rate of
formavtion of po-'xlito or procutoctoid. products do not in themselves -,1tor
the b-dnitic h-rconrýiJAtty.

Nickel nand r~n-,anoao wore, on the basis of isothearrma transfornz-,-
tion dzrta, acssued. to have the saneo effects on the bainitic hardonarbilityr
as on the poarlitic. (P'ir,x-ro 10~4 anxz T-ialo Ill.) H.olybdorun was consia1oroa
to have no offoct on the balnitic hrx.rconability. Chromium has son-c offbet
on bainitic httrdonaibility but loss than on the porarlitic, Mocaus mf tho
1a,,.k of da-ta the aassur.pt ion wras mande that chron1~um has one-h-If the Offeoo
on tain~itic harclonr'bility na that norasurod. for ponrlitic h-irdornability.
Gr-dn size 'qas considered. to hnvo no offccto fthanes in carobon content 'voro
considoroi. to have the saneo ffect on thc bninlitic -%a on the poarlitic



1-inrdtinability. !Tho baizdtia hrdetnability of iron-carbon n~llcy ia, howevcr,
diU~cront 0fram. the pearlitire anad thus t. diffeornt vatlue is noceesoxy for the# bn ao line for iron-crrtnn n~loys. Thi~s bnse-)Amin, toot~hor with the factors
fo tho alloying clemints, is givrm in Table 1111.

There is mic~ ovrideco thrmt tho idea].. round size for a trace of
baninito is of the order of .5-.6 that for 50 pcr cant bainito(267,,2*r9). A
value for the iron-carbon b-~.se-1ino based ivpon - ratio of .55 is givcnl in
Table III for use in caJicul1ting the size of idea]. round thnt 1-ill P.1ll;r har-
don with rosuect to bainito.

It is of intorost to note t~hat the ra~tio of thc idcr'J. round size
'or full h.,rricniag to thnt for hpi~f-h.-rd~oning is considerably smaller vihon
tho non--.vrtonsitic product is baillito than i.'hon it is pearlito (a-bout .55;
as coinoro to Apoiao: 7) s is indicptod b- Tp'blos III pneL 17, it

appears that for nlnin-crirboni stools with r.edi'mn auste-nitic grain size, the
first trace of non-r.:rtcasitic -oroduct obtained Rs the cooling rateo is reduced
below thtit nccossarxy for fll-bhr.r&dening will" be bainite. On the othor hand,
when the cooling ra-te is such that. the structuro Is h,-If non-mrp.rtcnsitic,
this hnlf is primaýrily, j'ocarlitc. The view thaat the first non-mrrtconsitic
product is bainite in plnin-cvrbon stoolls vith n..diiuL or coa~rse grain is in
contradiction to one recent roport(292) r.nd to common belief but there is
some cxporimontaJ. evidence to sap'pert iW(2671 28)4). The validity of thc
.nssiir-.ption thant tho published work on the affect of composition ur~on harden-
ability dcals with pearlitie hrrdenability is not in quoestion, sinco hailf-
hardening rather than full-ha~rdening was nceasured for in tha-.t T.fork.

7o nonsuroennts of the effects of cornosition on the hnrdcn,:bllit~r
of .1ypecrouteocto id stools a-p-nar to have been ipublishod, &.dl there is some
reason to believe thalt these effects --jy differ from. those in k~rpooutvcctoiO.
stools. The values in Tables III and IV are, therefore, suggested at pre'Seýnt
for hypooutectoid. stools only.

It rmst be emphaisized that the schemeo suggested abovo for co-rmuting
bainitic hr~rdcnarbility from composition is tentative and that the numterical
values ineoludod in it are bseod upon scant data. The cffect of such elemeonts
as titnni'i, boron, vainadium,, -.ncl columbium cannot even be estinnated at tho
poresent tine. The system. nP7 serve, howevor, ats the boot appro:timation
nossiblo until furtlhe-r axnerimecntal dlata r~ro available. The use of tho
fa~ctors in Table III Is to some-. e~xtent justified on the basis of the tagree-

metbtwe hemaurdbintehardonabilitios a7,nd those calculated.

using those fpactors. The difference botween the two for a. nvumber of stools
has been found to be within ±J 15 per cont(267).

Bffoot of Chigcs in Pearlitic. Zýrdonability on the BainItic lr~rdcnnbility

In establishing the syjstem for estimating the bminitic harden-
Ability it was assumed that changes in pearlitic hardenability do not in
themselves affect the bpainitic hardon~bility. F'or example, sinlce Liolyb-
denum does not iaiprociab),y altar the timo for isothomrint1 bainito forn'aticn,
it was aosiumed that it does not of fect the bainitic hardonabiltty, even{ though miolybdonum has a tremendous effect upon the poarlitic, hrdonability.
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As indicfttod. in the dliscussion (in Cha',tcr 1) of tho rolations
among tho stages of t~ransformation, incubation in the )?oerlito tempeora-ture# ranjo affects tho bainito reaction. If tho first -product to form in the
pearlito rnngo is ferrite, the F~roator the fractiorno1 timo spent in this
ranmgo, the sh~orter is the tine roquired for tho bainito transform'-tion. If
tho first product to form is carbido, the grcator theo fr'actionrJ. time in
tho pearlito ranmgo, the longer is the tino necossary for bý.inite fornrition.
Thus, for low'-cnprbon steols, incroases In grAin sizo, wlrhich lapve no effect
upon the isothor:maJ transfornation to bninito, incroaso thc bainitichrdn
a~bility by the Indirect influeonce 6? less nucleation b-Y ferrito forried in
the poarlito rf~ngo 6-uring continuous cooling(267). Incrcasos in raolybdonwun'
conten~t probably increa-se the bainitic hrardonabilityr similoxrl by acr, i.
the raite of ferrito for,-'.ation. Such offucts cnn not yet be taken into
atccount cuantitntivoly.r

H-rdcn~bilit;7 of CorxmercivI. Stools

It is £re'zuontl-y ncocssary to uso staýndardized. co;.rnmercinlI stools
for pnrTta ~si~ to be fully %arC..onod. Tvo sc.rics of such Stools wiidely
used. in the LUnitod Str~.tce are that of the Socioty of Autc:.notivo 2nginoors
(SA.. a-nd tho so-ecalled . Tational Z.Licrgency (f.)series.

Tho co.nmositione of these stools nre listed in the S.A.E. Hanrdbook
(295). The -. =iorisblo r:-.r...s of the cleaents arc rnthcr -ridoc, loraeing to ~
'.*rido spro% in hnxrýcenabilit, lbotvizen steels on, the high sidoe nnd, on the low
side of the rrzgcs. ýtconatl-y- thc trend to,'rard. nurchae~ing stools on the
bizis of h~rCconability, rp~thor than. coirnosition hnx 'eccon.o ,.orc pronounced.
Joriin~r hardwn~bility speQcif ic-t ions for sono of thu stanclard. sxvlyseo havc,
bocln dIcvolo od., on the ba~sis of the rpange of h-,rdnecss vis. Joriny distaae
curvos(266). These spacificvtions are. vcr-y vido aýnd in riany ca~sos -P~pc.,r
to bc for -ustonitizinC treatmennts thVat -are instufficioxnt for carbide solu-
tion. Fartlirrmoro, it Is difficult to n~ropcrly s-)ecif;y fall -hardening in
tcrms of haýrdness a-t n Egivon point, the mcthlod prcozcribcod in these spe)ci-
f lvations. The ha'rdness ts not onlY scnoitive to variations in carbon
content buat is -.lso af -fcctod, through retention of -%ustoaito, by -.-lloy conte nt
and. by cooling rate bAow the i'se.eauo h ate loifune
the hnrdness thr.ough i.ts offoct upon the amnount of tonncrine tha't occurs
diuring thQ nuonch. The -pitblishod curves concern, ossentivl.Dy, the lower
of the nicrarlito a-nd bAinitc harcOenr~bilitios onily,, nand. do not indicate I~i~rAh

of those Is bcing set.

;hoet of tho SA.. ad. Y.E. stools have*,r lou,. to noe~crnto ha11rder--
ability --id. All not provide ft~l-hnrd~oning, in. Rry but the s;:a--lo~st sections,o
Tho porarlitic hainrdenab ilit ie, of son:.e of the steels aro -Acocunte for rather

hevysections, but their baiinitic hnxrdenabilities -.re lol,! 7i. The perlitic
and brAnitic h-rdeonnbilities cr: olulatc6. by the systons .Drcsantod abovo, for'
the avverge com~positions of the 8*LB and. 17.2S. steelo, rpro given. in, Tablo V.

Theo wide srord. in liardon-bility fro.-- hiGh to low side annlyses can
be Illustrated b-.1 an c_::amlol. The tAble indica~tes that the pcearlitic harden-
a~bility for fttl-harduniag of the nedian analysis of ~ 43140 is 10.3
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inohos. Vor the loi side of tho ama.Yuis it It,5. inches -An for tho high
Ssid~o, 11,.4 iamches. Viost of the 173 stools 1lvive rolztively wider comrpoel.w

q * ti~on romngos and. the~refore 'olptitvely greitor sproad~s I.n hardenabit1.ty.
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TABLE II1

=Z01.P OF OAXhBON £T.L1 ALOY:7Ssr =Z:iZTS

Pearlitic Harden- Bainitic H..rden-
ebýilitzAactor ability eFactor

,50 Per cent xn~rtensite .338 xvVL -t. .49,4 xJl in.) -'sentially all martensite .254 xi% C in.** .272 x v , C in.

'Mn i K2.O x (% In) i + 1.i0 x (% Mn)

p 1 +2.5 + (. ) 1 2.63ý x (% P)

$ i- .62 x (% s) i- .62 x (% s)

IS a+ .6 x (% si2) 1+ .64 x (0 si)

Or 1 + 2.33 x (% Or) i + i.i1 6 (% cr)

N.---•T i +1 .52 x (I :i) i + .5 x (% 1: )

,Pio 1 " . 11* , " ( ' Xc ) 1

oilCu 1+ .27 x < C+ .2'7 x u)

*After Aollommn and Jaffe(2 6 7).
"*T•or grain size LSWA '7. For other eatn s-izes.see 'able IV.

HII

-- b. 
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TABLRIV

:7,TDCT OF A~USTZ."TIC GA ~ UPO1T

A~usteniti~c C!arbon F'actor (Inches) foK Pea~r1.ttic Hardene-bili-tY
Grain Size 530 Per Cent 0s~entially All
,A.S4 70.10 11-sxtensite 'Par-erAB.Ate

1 .5 4 6 ;'. 12 .501+ .379
3 .465; -3501

ii. .+29'.323'
52357, .20

6 :34, C .275 C

$.312;ý .234
9 .288' .217'

10 .266- .2001/

*A~fter Hollomon and Jaffe(%267).
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TABLE V

CALCULATED- HA T.BILITIES OF STANDARD

COXTERC IAL STEELS*

(IDMAL ROUND, IN INCHES)

Steel Pearlitic Hardenability Bainitic Hardenability
Thnmber Full-Hard Half.Hard Full-Hard Half-Hard

SA 0100* 1 .26 .34 .28 .50
1015 .42 '34 .61
1016 .h9 .65 .52 .95
1020 .36 .149 r •39 .71
1022 .62 .92 .67 1.:2
1024 1.1 1.4 1.1 2.1
1025 .11 -.54 . 414 so
1o00 .70 .93 .75 1.4
IOý5 .74 .99 .80 1.5
lOng 1.2 1.6 1.3 2.4
1lO .go 1.1 .95 1.6
1OL 5  .95 1.1 .91 1.7
1050 .90 1.2 .96 1,7
1052 1.4 1.9 1.5 2.9
1055 .93 1.2 1.0 1.8
loco .97 1.3 1.0 1.9

IiII*** .41 .55 .44 .90

1112 •.39 .52 .42 .72
1113 .37 .49 .39 .71
1115 .55 .74 .6o 1.1
1117 .76 1,0 .81 1.5
1lls .92 1.2 .99 1.8
1132 1.3 1.7 1.4 2.5llZ7 1.4 1.9 14`5 2.7
1141 1.5 2.0 1.6 2.9
1145 1.0 1.3 1.1 2.0

1320 1.2 1. ' 1.3 2.3
1330 1-.4 1.9 1.5 2.8
1335 1.5 2.0 1.6 3.0
131o0 1.6 2,2 1. 3.2

*Comoositions taken from 1944 SAE Handbook(285), Where a range is there
snecified for an element, the mean of the range was used. Phosihorus and
sulfur, when n- range was given, were taken af .0300 each. Residual un-
wnecified alloying elements were not considered. Grain size (for nearlitic
hardenebility) wss taken as ASTM ITo. 7. Values based unon fectors given
in Table III.

**Silicon taken as :22t for the SAE 1000 series.
•' ***1iliccn taken as .054 for the US 1100 series.



Steel Pearlitic Hardenability Bainitic Hardenability
Nimber Full-Hard ' Half-Hard Full-Hard ' Half-Hard

g !

1.7 2.3 1 3.2
1ý50 1.8 2.1 2.0 3.6

SA2317 i14 1.5 1.2 2.2
2330 1. 2.5 2.0 .7
2340 2.Z 3.2 2.6 .7
2345 2.6 3.4 2.8 5.0

2515 ' i.4 1,9 1.14 2.

3115 1.6 2.1 1.2 2.1
3120 2.3 3.0 1.7 3.1
3130 2.9 3.7 2.1 .9
3135 3,0 4.0 2.3 .
3140 3.6 4.8 2.7 4.g

31414 14.1 5.14 2.9 5*3
3145 4.3 5.7 7.1 5.6
3150 14.5 6.o 3.3 5.9

3214o 4.2 5.5 2.9 5.2

3310* 4.o 5.3 2.6 4.7

4023 1. 2 1.6 .70
14027 ' 1.3 1 1.7 .76 1
4032 1.4 1.9 .L2 1.5

4o77 1.1 2.1 .94 11.7
40h2 1.7 2.2 1.0 1.8

4 • 4047 1.8 2.4 1.1 2.0

4119 2.3 30 I 1.0 1.8
4125 2.6 6 1.1 2.1
4130 2.8 3.7 1.2 2.2
4137 14.3 5. 1 1.9 3.4
14i14o 14.g 6.142. 7
41454 5.1 6.8 .2.
14150 5.3 7.1 2.3 4.2

"14320 3.5 4.6 1.5 2.9
1434o 7.7 10.3 3.1 5.7

*Phosphorus and. sulfur taken as .015% each for S .. 3310.



"'ABLE V (COI,

Steel ' Pearlitic Hardenability Bainitic Hardenability
I\Tumb er IF ull-Harc& ' Half-Hard Full-Hatrcl Half-Hard

! I

SAU 4615 1.4 1.8 .83 1.5
4620 1.6 2.1 1.0 1.9
4640 2.7 3.6 1.6 0

4915 1.9 2.5 1.1l 2.14zoo 2.5 3.3 1.5 2.7

5120 1.7 2.3, 1.3 2.3
5iO4 2.5 3-3 1.8 3.2
5150 2.8 3.7 2.0 3.6

i•z 8612 2.1 1, .0 1.9
g615 2.4 3.2 1.1 2.1
g617 2.5 4,2 1.2 2.2
g62o 2.8 3.7 1.3 2.4
g622 2,9 3.9 1.4 2.5
9625 3.1 4.o 1.5 2,7
g627 I 3.2 4.3 1.5 2.8
8630 3.4 24. 1.0 3.C
8632 3.5-F;4 1.7 3.1
8635 3.9 5.2 1.9 3.4
8637 4.o 5.4 1.9 3.5
s64o 4.2 5.5 2.0 3.6
g8642 4.- 5.7 2.0 3.7
g645. 4. 5.9 2.1 3.9
g647 4.5 6.o 2.2 4.o
9650 4,7 7 6.2 2.2 4,1

9712 2.3 3.1 1.0 1.9
8715 2.6 3.5 1.1 2.0
8717 2.8 3.7 1.2 2.2
8720 3,0 4.0 1.3 2.4
8722 3.2 4.2 1.4 2-5
9725 3.4 4.r- 1.5 2.7
8727 1 3-5 4.7 1.5 2.8
8730 3.7 4.9 1.6 3.0
9732 3.8 5.1 1b.7
8735 4.3 5.7 1.3 3.L
8737 4.4 5.8 1.9 3.5
974o 4.6 6.0 o.0 3.6
974p- 4-7 6.2 2.0 7
i745 4.g 6.4 2.1 3.9
87247 4.9 6.6 2.2 24.0

(3750 R .1 6.8 2.2 24.1Il I I I,

¼mmm [.44



W.2LE V (Coo1m.)

Steel Pearlitic Hardenability Bainitic Hardonahility
.ýumber Full-Hard EHalf-Hard ' Full-Hard ' Half-Hard

II I I

I I

N 9255 2.0 2.7 2.1 3.9
9260 2.1 2.9 2.3 4.2
926. 31.0 1..0 2.7 ' 5.0
9262 1 3.7 5.0 3.1 5.7

9415 1 1.9 2.0 1,2 2.1
9417 2.0 2.7 1.3 I 2.3
942o0 2.2 3.0 1.4 2.5
9422 2.3 3.1 1.4 2.6
9425 2.5 o3 1.5 2.7
9427 2.6 i0 1.6 ' 2.,
9430 3.0 1 .1 3.2
9432 3.1 4.1 1.9 .
91435 3.2 1.9 3.5
9437 3.3 4.4 2.0 ' 3.6
9 '..6 3.1 4.6
9•2 ' 3.g 5.0 2.3
944r 3.9 5.2 ' 2.4 4.3
9447 6... 2.8 5.0
9450 4.7 G.3 2.8 5.2

57P2 1.6 2.1 .90 1.6
S727 7 1.8 2b4 .99 1.8
9732 1.9 2.6 1.1 2.0
9737 1 2.1 2.8 1.2 2.1
9-42 2.2 3.0 1 .2 2.3
97 ' 5 2.3 3 .3 2.
9747 2.3 3. 2.
3750 2.4 3.2 1.4 2.5

9930 5.s 7.7 7.3 21.3
9'Z2 6.0 F.0 . 2.4 4,4
9335 .2 8.3 2.5 4.6
9837 ' 6.4 8.5 1 2.b 4.7
984o 6.6 g.9 2.7 14.9
9842 6.g 9.1 2.8 5.0
98•5 7.1 9.4 2.9 5-2
3 g47 7.2 9.6 2.9 5.3
9850 7.5 O 10.0 3.0 5.5

9912 2.3 3. 1.0 19
9915 2.6 3.5 1.1 2.1
9917 2. 8 3.7 ' 1.2 ' 2.2
9920 ' 31.0 4.0 1 . 2.4
9922 j.3.2 14.2 1. 1 2.5
9925 3.4 4.5 1 1.5 2.7

I! I I
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Ifring the cooling of a steel part to produce martensite, temnexr-
ature differences exist throtighout the part. Because of these temperature
"differences, the contrvotion arising from the Oecreasin(; temperature and
the expan-slon arising from the transformation of austenite to martensite
do not occur un forml-r over the part(2ST). Stresses are, therefore, set
on a macroscopic scale. If the stresses exceed the ±1.ow stress of the mat-
erial rtt the terTeraturee involved, flow will occur. 11acroscopic flow dur-
ing ouenching results in a permanent change in shqape, or tldistortionl. Such
macrosco;ic flow also leaves stresses in the part that may cause further
distorto %0 up1on SUOseqvent rehea'ing or machinilg. Heating lo'ý!ers the
flop stresu tnd permits flow to take place under stresses insufficient to
iiroC&;ce flow at room temperature, The ren-oval of stressed material duri.g
machining necessitates a readjustmEnt of the stresses in the remaining mat-

nrial; during this readjustment the flow stress is often exceeded locally,
resulting in distortion, Stresses arising from quenching, if not relieved
Lbefore the part is put into service, may have a significant effect upon
its vzechanical behaivior.

If the macrosco-Aic stresses 9e0 up by quenching are not relieved
sufficiently by flow, they may exceed the fracture strength of the steel
and cause "quench-cracking"I uoench-crackling may occur during the ouench
or at some later time. Because ef the localized shearing nature of the
martensite transformation and perhaps also the heterogeneity of the macro-
sconpa plastic flow, small regions of plastically 4oformed netal are set
up that tend to relax in time. In the prezonce of a macrosconiic stress
"(resulting either from an oxternal load o,'f'om flow during quenching),
reinxation of thoeo regions may introexuce stress ooncontrnt ions that ini-
tiate fracture(103).

This gradunl relnxation probably accounts for c3ýacking that
takes place some time after enenching. The mtiinun.• tire necessary for
appreciable cracking Is of the ordor of days or hours at 320 F. (0 0 .),
hours nr minutes aýt room teQmperature, 2nd. seconds at 212) -. (1000 C,).
At still hiLhcr timporat-ros, such as 3500 F. (175) C.), no cracking occurs,

q . presumably because the relaixtion centers are removed., (Cr-.c'dng mvay con-
tinue for years at room tornperature end corro-nonding timos rat the othor
teormeratures if the re>::ation centers are not removed.)

Api ' reciablo flow is more likeoly to occur the highor the mcicrc-
scopic stresses and the lower the flow, strength of the steQl. 7ramcturo
is r:oro likely to occur th:e higher the macroscopic stressou and the lower
the frncture stress of the stool, relative to the oi'plied .tresscs Ind to
the flow stress. Fracture is elso markedly affected by thQ microscopic
stresses, but the factors affocting the formation of thcso stresses are
not yet known. In almost all cases, a small nn.ot'nt of distortion is much
less deleterious than crackling, for a crackod part is usually useless,
It is, therefore, generally eoslra'ble to have the frv.cture stress high
relative to the floiT utrest, as well as to have the macroscopic stresaoa
as lot, as possibl,,
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The zecroun Qpic~ strossee rsponsible for q cnchr-otcking In steeluppoar to nriso primarily Prim the oxjpanzion acaotrp~tr ing thri transforiantion
o Atstonito to inartonsite, rather ths~ from tho th -ermal cortraction ac,

compRnying the cooling of oither zn toeuito or onrton-itci, T1e.rmP1 contrac-
tion tonds to sot up comprossive ~stvfa.os envar the surface of the pnrt end.
tensile strossee in the intericr, 11hon tha stool is hot, Coo fl~ow stress
ia so low thnat little streag car. be autabiishad. As the surface becomes
cooleor, it can withstand more stroas. If tho intorior thoeroftor contracts
(thcrme. ocontraction) more than the su~rface, t~he surfaco will be stroessed
in compression, and the Interior in tension. Tf, khevrovor, after the surface
bacomes suxfficiently strong, t'he interior on further cooling exprands roltk-
tivo to the surfa-ce, the surfaco will be strssod. in tension qnd the interior
In compression. The interior can o~pn1 on cooling, relative to the colder
surfaco, only if the effect of the urcpansion accoqtpanzriag the transformation
from austanito to martonsito is Groo~tor then tho eýAfoct of normrŽ1 thermal,
contraction. frracture, as pointed a-at in Chapter 11t, arises only from
tensile stresses. Since fracture sta~rts most readily at the surf ace, where
the likolihoo& of stress-conccntrations is Createst, qcacnh-oracking is
most ]4koly wihon the varface Is left in tension, by the quench; that Is, when
the effect of austonite-'to-martensito w:-azicioit 1. greator than the effect
of thermnl. contraction(208).,

The occurrence of quench-c rac !,ing de:2en~s uapon the separtation
between the flo%'-'stress and. frneturo-strosta curves (ductility) and u-oon
the wignituide and. direction of the macroscopic. stross sot up by qucnching.
'These In tu-rn, depend. wpon the size and- shapep of the part, the heat treat-
me-nt (quenchiAng -imotica) aplicd. to the ppxt, azi the steol of vhich the
-oart is mpAce. Those t~hree factors will be, d~iscussed. oatl,%

Iflf oat of Part he

nhe tomporaturo aifferences within the part are grea~ter the greater
the MDr prod~uct (Ohiapter 111). An estimpate of thc varintion of surface and
conter -xial. stresses iA a crionchod cZlindor iwith temperature diffoac-en
rtna wMt Mfl is shoini ir. Figure 109, for a I;'-pothctical stoeol*. It will beo
rioted tha~t as the temaperature aifferences (IM 13roduct) increase from zero,

0. ~the tensionail stress at the surfa-ce incroaees. As HD Iincreases still
farther, theý strose rat the surface reoahs n moximum, decrenses, and. finrally
c'hanges to compression. Tine stress at tho surface a-cts contrarijwise. The-1
change In stress i'ccurs be0cause at high HD values the center is so Much
hotter than the surface that the thormnl contraction which must tak oplce
Is grea~ter than the o-cpansioxn durineg the mvxtonsite trnnsforma~tiorn, As
proviously ox-!Aainod, this tends to put the surfce ia compression nnd the
centet in tension, tindeor such conditions, crr~alChig is less likely than
whon the surface is tension* Over a certain range, thein, izwcreasing the
thickness of tho part and hence the IM product m%-.es theo stress clistribution
less likely to reault In cracking., In most cvases, however, the greater the
thickness, thu grerater the likelihood, of crac.eking,I ~tanentalstress at tho surfc-.Co is awlroxi~iately co'qal to the

&:ia. stress.
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Tho shape of the part naturally affects the teraper:ature di!foer-;oncos developed i~th in it. Sections of 'idely va~rying thicknoes tenld toI cool at widely vtarying ratos, nnd wyide te.erat~uro differences arc likely
to result.

Protruding corners, ,loo aet up temxperature dlifferences,, Since
heat canr flow from projecting corners to the quenching medium in several.
directions, the corners cool moro rapidly than adjacent portions of the
part, I'o6roovcr, circulation and turbulence of the quonching medium is
ofteiý greatest near projecting corners. As a result of those fa~ctors an
aoneous or oily medlium is likely to co.mmernce rapid B qtage0 cooling rt ýpro-
jecting corners and thin sections considerably earlier thain it does else-
"-hero-ý thus further increasing temyernture differences along the surface.

Since heat flows dur.ing cjuonching to the base of a notch or re-
entrant angle from severa~l directions, these a-rea~s tend to be 'hotter than
adjoining flat surfa-,ces. I:oreover, the circulation of the quenching medium
is net as eood over these areas as over adjatcent onces (uniless specizal1 sprays
directed at the notches arer used). As a result, if an aqueouis or oil quench
is used, the medium-steel interfrace at corners of notch.es nnd. re-entranZt
angles is like-ly to rema~in in slow A stage cooling for a considerable -time
aifter the rest of the interface cntorB the B staýge of More rapid cooling.
This acnutsthe tempera~ture differences between the reor-ntrant angles
and the remcainder of the na)Prt surface.

'Thtchce, besides affecting the macrost-resses through chnnges in
tempo rature dist ribt~hion during quenching, act as stress-concentra-tors -,nd
so tendl to rats' the ma~crostrosses in local regions. In this way notces-10
nike distortion anil cratcking more likolyý Also, as discussed in C1hapter
IV, notches, "by introdu-cing tra-nsverse constrA.ints and increasing the of-
faýctive strain ra~te, ratise the flow stress relative to the fracture stress.
This raising of the flow stress fa~cilitates fractvtre andl m.%kes craocking
more likely. Ordinatrill-, the sharper, deeper, vand. longer the notch, the
greater is its effect upon. quench-cra~cking.

In general1, then, quench-cracking and distortion are likely to
00c@.r if the eatis thick, Qon-taiis, adjacent sections of widely Varying
thicktness witi; s'hnr tranasit~ons, an&. has sharp corners either protmdclng,
or n-o-rticulat-ly, re-entranit, so tbat they form notches6 Z~ccellojt eape
of such shnsha-ve been nublishod(289).

The shape effective durtncý quenching LvayZ be modified without
changing the shape of the roughi part itself. For example, holes ma-,y be
ni'uge-d with inserts made of steel or other tmeltals. Th reas m,)Z be covered
with a pla nstic refractory. Thin sections adjace~nt i,;o thicker sections may
have thickening plrates belted ove.r them. Svue.: mea~surtes change the temper-
atuxre distribution within the part and, so change theo ýnacrost ressos sot up

in he axt Sice he added ma~tcri4- is not ordinarily, erjcted to with-
stand stress during quienchin~g, it dIoes not decreaise the effects of a notch
in concentrating the stresses an-d. aecreasiar, the sopitration between flow-
stress and fracturo-streso curves. Desidos the additional. work and ecponse
involvod in preparing and removing plugs and masks, their use sometmes has
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the disadvantage of increasing the effective section thickness and retardingq heat flow from steel to quenching mediu. This is usually important only
if the section to be masked or plugged is alread :mong the thickest on the
part, In such cases, masking or plugging increases the hardonability ro-
quired, and the necessary chango in composition increases the susceptibility
to cracking, and lae other disadvantages, as will be discussed. Very oftoai,
however, masking and plugging are effective in eliminating quonch-crackcing
and distortion.

Effoct of Heat Treatment

The temperAturc differences within the pprt vary with the Hf pro-
duct, nnd so may be altered by changing the quenching practice. Reducing
the severity of the quench (H) reduces the temperature differences and
hence, in most oases, the quenching stresses. If the severity of quench
wore so low that the whole part was at a uniform temperature during the
quench, the part would expand and contract as a whole, and no macroscopic
stresses would be set up. Over a certain range, however, as was pointed

* out earlier, decreasing the temperature differences may result in a less
favorable stress distribution, if the part i$ of uniform thickness. Hero
the temperature differences of interest are those involving regions that
are transforming from austenite to martensite, and the pertinent quenching
severity is that at surface temperatures corresponding to the martensite
range within the part.

Provided the steel hardens, air cooling will generally result in
lower macroscopic quenching stresses than will oil-querching, and oil-quonch-
ing in lower etressos than water-quenching. However, such methods of docroes-
ing the quenching severity in the mhrtonsito rango also docreaso the severity
in the poarlitc and bainito ranges, and thus increase the hardenability re-
quired. Consequently, the carbon or alloy content required to provide the
hardenability is increased. Increases in carbon content decrease the resist-
anco of the part to brittle failure (after hbat-treatment), and, as will be
discussed, in themseolves increase the susceptibility to quench-cracking.
Increases in alloy content generally increase the susceptibility to temper
brittleness, as well as the cost of the stool. Increases in either carbon
or alloy content geonorlly lower the martensito temperaturo range, which,
as will be shown, increases the tendency towards quench-cracking and re-
tention of austonito.

It is clear that for hardening without cracking, a single medium
would generally serve if it provided a very high quenching severity (at
least as fast ae cold brine) in the bainito range and a low severity (of
the order of air) in the martonsito range. No medium having such character-
istics is known. Water and oil do approach the desired characteristics in
that they usually provide appreciably groator severities in the bainite
than in the martonsito range. This may be one of the prime reasons for
their being so widely used, In order to approach more closely the charac-
toristics of the desired medium, recourse is often had to the use of two
media.

The quenching severity in the martonsito range can be reduced
without groatly affoctlng the severity in the poarlite and bainito ranges

US11 -



bylir-torrupting" tho quenclh bef"oro the steel passes through the martendsto.
rango(2q0, 291). O~ne type of interrupted ,yaonclaing, know~n as U!timed. auonch-
ing", consists of cluenching the pa-rt in a Pid~ium such as water or oil, :,;I&
withdrawiag it whcn its avecrage termpernture has fallen. below t~he bainito
nose buat is still above the martensito range(290). The pa-rt is then cooled.
slowly, ordi-nnrily in !ir, th-rough the marteilsite rage.I this method. of
qi;enrch-ing fairly close control of the time in the first medium is required..
Timcd. =c~nching is not well ada-ptod. to parts h.7ving sections of wide".vay
ing- thickness, since the thin sectilons will be quenched through the marten.-
sito range before the thiick?- sections pass the bainite nose of the transform-

ato- d~iagrnn.

.Anot~her form of interrupted, qrueach_-ing consists of q-aonching into
aý ba.th hold at -a tenperature betweenr the bai nite anid nmartonsite rangos' with-
drawing the piart a.fter it -has reached. (a,~o~ acy the "bath tempern.turo,
and. cooling slovlyr through the martensite range-(291). 11,olton salt is t~he

medumcomony -asod. for the initial quienc.'. Thsqunhng pra-ctice ha,ýs
been tormod. fatmornf(9) 1iDritempori-ng, because of limita-tio,;s of
the size of sal-t pots available, has not yet been anplied. to large
ieces. TiLmed. q.enching, on the contrary, has probably bee sd.mr

widely for large pieces th,-. for small, since the longevr times usu!-illy
invrolved. wit~h lar-ge pieces are eatsier to coto anvly atmei
unilike timed. aconchliag, is suitable for iprartqs h'igsections of widely
Tvarying t-hickn-essb :iollevert becnause of the. fintura of the media used', mar-
t emporing -provideos low quench-ing severities in the-- -*arlite a.bainito
rangeSs (,Table ).The hnrdenaýbility reriuired, fo r marter~rpning is pro-
bably greatcr th-an for uecngin oil an.consiaorpbl- greater t~han for
quencching in 1wat or. Timed quechiing, on the othe,.r hand, hadlriaffoct.-; tho
cooling ofF the part th-rough_ th nari and "bainrite raxiges an-d so reouircs
little, if nny, more ha~rdena-ibility th~an docs direc-t quonching.

it is possible to combine rm.atcezroningr- iwith tinod. c~uenchingi. F6r
exalea y~rt "aigboth thiAckand thin sections :zW~ be quenched. in cold.

wator until th*-e thin sections are approximntoly a~t the :7S to.-morat'u.ro, then
tIransferred to cn sa' t bath sljghtl-,y Fabovýe the an1s hold, there until oall
soctions reach t~he bth teperpture, anid fiLnally cooled. in nir through the
martonsito range. Thais treatment is more siaitrable than- timed quenc.hiing for
pa;-rts having varrying sect-ion thicknesses, nd. mzrC rec.,Are somra,,rhat l-ess, hrn-,
dienability tlhan Martemnenriag,

in interruýzte& cuench~ing, the slower t-he rate of cool~ingthog
thle :aýrtcnsito range, the smaller will be the macrostrossrs. The zi--nmum
rateo of cooling is limited. by the requirement that transformnAtion to bainite
be avoidecd. Also, the slower thec cooling, the more austet is lieyt
be retained. (if th-e rja-rt- is cooled. to n fi:zed. tc~mpcraýturc) . The -:-.e of an
m.ore severe second. quenach (such as oil, inta of: irdcs the ton-
dency towards retention of raustenito -mnL fo rr..-tion of baiJnite -.d. docreaso-s

thetim inolvd.,at he :ponso o -' so::oe.hat increa~sing the stresses*.

*In somec cases of interrupted. qc~ich:ing (.partioul arly timed. quenching)
the part has been puat 'into El hot tezpering furnace immod~iately after
1-.ithdrawaj. from, the qiuenching mediums Tlh~is -practice does not- result
in hLrdenine. To ob.ain a :maronsitic structurn- it is necessan.7 to
cool the steel t1hr-ough the riartonsite rpngn before to.,n, ring,
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The temperature differences in the part during quenching are af-
focted. not only by the severity of quench. but also by the te.mperaturc of
the i-Iedium, being less the hotter the medium. Mhe termperatu.-re differences
w-ýithin the part are, approximately, inversely proportionz-2 to the diffcr-'
once between pa,-rt and mediur. teo.mpratures. An increase in medium tcrmpcr!-
ature does not of itselfl si&-ificantly affect the cooling rates in the peaarl-
ito nnd baidnite ranges (unless the% medium temperrture approaches the bainito
rna-ge). THowover, because of the effect of modiurm teoe-prature upon their
film coeff-Licient, acaueous media goner,' ly cpn~not be advantageously heated
aboove room temperaiture. Qacnching o~,l, howove-r, can be heated. to tomaper-

aturs aproachi-ng the flas-h point. Uiiotr.- salt can be used at tempeaue
above 3000 F. (1500 M. and low melting nlloys (such as Wioods' meota) at
both lowcr ;and higher temporatuz'es. Such ro.a d.o n--;ot provic. vOCuecLnc.rg
%SW-OTitioz in t~ho poarlito an&. baitito ranges comjpara-ble to those provided
by (cold) wacter, and their use in pla~ce of' vater increa~ses the hnardona,ýbility
roerirod, often to a consideraible 'i:n, wit-h the consequence discussed
above, If the tomneoraturo of the nodi~um- ý withiin the mri.xtoensto razge, it
is -necessary, in ordeor to obtni~n P. full.y ziartonsitic structure, to rem,:ovz-
the paýrt fro.- the mediumi r.cLd cool ýt furthior i,-, a second colder 1-2-divm. As
t~he tompera,,turo of the first mcdiuz is- inoreasoda, this prncticc a-pproarches
rwirtompcring.

~~em ncrturo diffeorences with' n th iprt inii at nst a g

are Xffectod by the initial temý-peraturq 0' the-, p:oart. Ai aippreciable effect
occurs, hlowerver, only if the RP va.ý-Ituficicntly high and if the initial
teymperature is sufficiently owt~ lp qsof the ixart, do not begin
to cool. ':onnilybefore the surflacc enters .~the :iarxtesite range. T~he
surfance is ordinarily the la~st. portion of tho pa-rt to begin to cool oe-poncn-
ti~,lly, and- Fi,-nros 89 arnd 90 6gI*Ve :,,T indica-tviona of t~he f ractional temper.-ture
ait iwhich this occurs. For c~lthey indicnate that for EDl values of 2
or greater the surfac does not begin to cool ox~onentipflY un.-til the frac-
tional tempeorature is belov .)4. If, in this case,. the quen-cairg teo.-Draturo
can be ma-dec sufficiently low th-tt the fractionnl tzmnert-turo of 4the 1-- is
muchi above ! , aaV further decrease in queonch"ing tempecrature will Aeeron2so
t~he temn-xra-turo diffoerences within the part inl the 7-artonsito mngo. por
th-ick parts ndsevere nedia, temperature differences a~ocigthe ri:-L
feren-co betwee~n initial. and meimtemparnturcs- may occ-ar within the part.
in such-r casc-,s, changes L;j the initial2 tem.perature result in- almnost equ~a
changos in thetmperature diffe`Lrences.

Since the mi-nir:mi austeni~tizing temiperature is sot "by the noces;-
sity for obtaini~ng ho=Logonpous austenite, it is usua-lly desirable'" %-hen
1lowering, the quenching tempera~ture to do so wit Lou afetn h on-
itizing temeocraturo. "flelaye-d cracnc-hingtt consists el cooling the pa-rt in.
some mild medium, such as air, from twhe austlonitizing tempera~ture to some,
temperature above the ba~inito range, and the-a auonch~inG in a more set-crc
mediuam.. 1ith a-lmost all stcc)le, the quench mc,,y be dolrayod until the p,-rt
roaches at to:.Tocraturo within the uppe,)r portion of the jo,%rlitc rnange. if
the stool has suff icient pea-rlitic hpardeonrbility, the quench r.-tr be do~lnyrcd
U1ntvil the part is "pelow the poarJ..te raznge (thoi.gh still above t-he b;ainito),
Sufficiont pearlritic. harrdonability cnn ordina-vrily be obtained by using
sufficient m~o),4bd.onuz.-, witihout in-troducing tio disadv-,ntagesgo tLhat narc UŽlj3y
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to accoptAny high, bainitic hard~enabi~lity: loss of totighness, lO~icrinG of
the nanrtonsito ternlporature range, nnd. greater tond~cic~r toward. topperr
brittlo.-ass*.

Dclc;cd. quicnching generally c.%nnot be applied.av tgosy to
tarts hvng sections of wide.l-y different thic1mioss becauase, trnloes the
initial cooling severity is extro-eol: low, the thin secti-o.ns iwill ocool
into t~he biin-itc ranige bef1ore t-he thichr sections are ~c.balow the --
to~i t i ing tom:porat-are. Hoae-rvor, a. procedure 1amoiwn %s "stepped. ctienchdnge

j~ ae used.. Th-is consists of a prelimina-ry cooli-ng to a% toe-moratre be-
twoo-a thec nearlito and. bainito ranges -In a n.od~i-LJ-n held. nt Vhttzcaue

followed., after all portions of the nataeclose to the-. -edi'i tnertu
b,-, Taonching in a second., cooler ned.Uix. -'he initi:al zediu= n be alr, salt,
or led.litha snit or lead., coiasid-raibl~y less eecar-2-itic h~deaiiyis re-*
c~uircd. than uith Air. Stetrpod. qvunch-,inf ina saýl or lone. atlso recuires less-,earlr-itic hairdenabi lity thnn ýjaj , ed. oa, - in . Snit or le-A. th arnt
available in as la~rge sizes zas air furnaces, ho-we-ver.

Stoppcd. quonchingl -.aay be combiaed. wý,ith C7.eleyed. cn.nchi ng. ehec
rn-rt 'V--b cooled. in a :-illzncd~ium uzt-il thej- thinnest setin aVr
t-he IZ-xer limit of the 'baiaite range, t5hen transferred. to a fuarr.ace at. about
this tenperaturo nd hold. until, the t~hilkelt, sect ions aprac hefrnace
toenpcratuare, nald fin.all1Z Taeciachd in a colder eiu.If the first :-ac6.i=
is air and. thn- socond. lead. o~r saIt, the proce&.xre results Jn sad-l torpor-
attire dif ferences ivr Chin the nifrt in thc norietne hecti
hardly seenas to be a sign~iftecant adrantrage. If" the intitial mediun is cold.
air anmd the second modiwa is air at a tenpra.c.-ture above the bair-nto mrnno,
slightl-y less orltchardeLnAbilitly iJs re~ic.than for an stenpe-:A ciuencn-
in hot, air. Vor lirge hovvy qoeces wi~ih sections of vnx~ri-ng thicL-nc1ss th--is

igtprove adntag-,ooixa,

The initial ten-mer,7turo for the cooling throughj the -nartonsite
rag ayalso be reduced by interrupted citenceiing, Tbx,-s 3 in P. timmod. quenchi,
a ar ay, be urithdrttwn. from the initial2 severe aed~iuna, held. long enoueGa

for thormal differeaces within it t~o caue-l.ize, and. then rep-laced., in theo
original1 r~edium for cooling through -the martonsit-c range. Yo-. suci -t
Tcninch, the cquenching severity in t-ho martonsito ranmge is just as greataIs for a direct quench in the sane aeodiun. 1'everthe-loss, ftoI au
is hig'h, the thoi-:-. differences wit-hin the -Lý,rt na,-y 'o 0 nuch les thn fo
a1 direct auen-ch, boc-~so tihe itilteLmomtatrc (for cooling thro-a& thoriartonsite range) is, effectIvely, thec tenperT'r o11.liainrtc

*If the- neDarlitic hajrdoncbilj ity is origin-ally highor than. necessary., the
cooling rate in tho ponrlito rpnge mny be aecreased %eithout acorrespond-

,ingnrenc!s in poa,,rlitic hardonnability., This, hoeeis equivslomt to
holding for longer -Fractioncl It-izco in thec :)Perlito (or ferrite) r,-ngo
and. for lowe-carbon stools Iry, a~s previaaslyr discussced, tend to docrea.,so
4.h'c- bainitic hard~onabilityr of the stL&ool. A cO~rs-b)Onding slight increa-so
in the inherent "Oain-ito 'ha'rd~r--biitY- Of t:10 stool mq be ncedcd to con.
pensarto for this loss, w~hen del11aed Cquczchirng is used,

-121



than the austenltizing temperature. Equalization throughout a uniform
ao-inch plato takes about ton seconds, throughout a uniform six-inch

pl;%te ,-bout six minutes, the time varying as t4ho square of the thilcknoss,
Since in the time necessary for equalizi.tion the average teomperature
can fall only slightly, tezperature equalization of uniform sections is
ordinarily c:rriod out in room-temperature air. The tcmperature within

a part having sections of widely varying thickness will equalize only at
the medium temperature, except in media providing extremely low severities.
Therefore, for non-uniforrm sections, cqutJlization is best carried out in
hot media. This again leads to the use of marter•poring, instoa.d of (or
in combination i,.th) timed quenching, for non-unifor= sections.

Interrptcd quenching mny be used in comoination with cither de-
l.yod or stopped auenching, or both,

It should be romembored that occasionally doccrcasing the tempera-
ture differences chnnges the stress distribution in such a ,ay as to
increase the likelihood of cracking.

It may also be noted thrt if the part is hardened at the sur-
face but not at the centor, the surfface will tend to be stressed in
compression and the center in tension, for t,.o reansons; First, the
transformntion at the center to bainito or poarl-to may cease w2hile the
surface is still weakr, and second, the nnount of cxpnsion accor.p•aring
the fornation of bainite or p1arlito is less than that accompanying the
formation of mnatensite. Both of those effects reduce the amount the
center expands aftor the surface becomes stron& enough to support appreci-
able stress, and so nmae the final surface stress tend toards compressior -

rather than tcnsion(29S).

As was pointed out obovO, a quenched part is more likely to
crack if, after ouenching P.n& prior to teopering, it is ormittcd to
stand for a long time at room te:jernt'.re, or for a shorter time at
toempernturos up to 2500 F. (1250 ?:-). Such holding apparently permits
local regions of deformed.o mrtorial to rolax rn& set up stress concentra-
tions that m=,- initiate fracture. If a part •must be kept without temper-
ing, it stiould be kept cold (at ice temperature or lower, to prevent
rolaxation) or heated for a short tine above 3500 F, (1750 0.) (to remove
the rolaxation centers) (103).

Effect of Steal

Both the imacrostrosses uad the sopp.ration betweeon flow and frac-
turo stress curios atre affected by the na=,uro of the steel itself. The
separption between flow and fraocturo stresses is greater the lower the
carbon content, and low-carbon steels are =uch loss susceptible to quench-
cracking than are high-carbon stools. Inclusions, porosity, flakes, seams
and other defects lower the fracture strength and so increase the tend-
ency te•wrds quonch-crrcking. If the austonito contains much dissolved
hydrogen, the hydrogen may procipitato during or following the transfor--Y
ation of Pustenito to n.rtensite, and lower the fracture strength. This
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=Wy result in increased. gaench?-cracicing, just as it increases cracking
f'ollowing welding(293). 'A lnrge austonitic grain size, too,, appoars
to -loxwer the fracture strength, ancl scoms to moi-co quonch-crra.cing =oro,
ltcoly(29)4). F-inpally, the separation. between fo n.fracture strengths
is mnarkodly affecteod b- tcnveraturo. A4s the ten crature is raised, thc
fl.ow stress decrernses nro-1 ranidl- than the fracture stross, and fracturc
'becomes more difficult. The hig;her t-1e tommeraturo of tr,-sfor:-:ti~on
fro-, rustenite to mnrtcnsitc, the noro likely are the resultant strcssos
to be relievcd, by fl~ow ra-ther thani by fracturo. ?or t.his rcn-son and.
for others to bo discussod. later, steels hpaving their nartonsite ran-go
at r, high tm-porature :,re ruch less likeoly. to quenc'h-crrack than= Stools
wiAth n low raarxtesito rang.

~Stcol co-rmosition might ,,ffcmt t-he rmacrost-rosses set -rp during
quncig y hngngte epernturo differences nnd by Changing the

chmrgo in volime per degree td::-cr-ature differrece. Since the s evority
of quench (H) is inversely -prqortGionr2. to the thermnl conductivity of
the Steel (Chap-tor ;). ta decrease in, thermna] conduct2ivity will increa-se
t~he .cianching severity, and. hence the toz-ocrature differences. The
thermaJ.1 conduct itit ios of nustenito and zartensite undoubtedly do decroaso
as tho cirbon and ,alloy contents inci-cxso, but the difference in. condluct-
ivity between the .vairious mediumi-all&6y steel' s is porolbvaby relatively

The hea,-t evolved Lbaring the mnrteasitc tran.fsformation retards
the cooling .and so d-crea-ses the tczipcratuarc aifferences. The cauntity
of hea-t evolved is proba~bly raot airectly rffQcte4,d to ri significant
extent by thei conrposition difforences betweecn theI various nlloy steels.
!ffhil e thoxniod-ynrwvic cons idcrnt ions i~ndicate th-t the, qupnt ity of heat
liberated mPZ vary -as the tcz:--:erature of t-he mnrtensito t ransfo mnt ion is
ch-anced, the eirection of the-i effect is dioubtful aýnd. the cffcct itself
probp-.bly snall. Chnnges in the steel, then, are not likely to hnve ann
inportant influence upon the m~agnit-adc of the tenpor-ature differences
.durin~g quenching.

The differences in volune are Xfected not ornly by the teoe-pr-
atu~ro di-fforonces but -also by the chanmge in velune per degree chnngo
in toen.perture. Thc coefficients of thcr,-in contraction for au-stenito
and n..-rter-sitc are only slightly affected by chrzges in coi-,-osition
within the usual ranges.' The chan~go in volume accormpianing the trans-
forrration of anstenite to mriartonsite is, however, =arkodly, though
indirectly, af-fected by con-position. It wams pointed out in, Chapter I
thrat the eanps ion rncco,-..a-qY ing the nartensite transforrat ioa is prac-
ti-cally independent of cor.Vosition, for a fixeod tc-mornture of trans-
fom,,ation. The araomit of omrrmsior. does increase considerabl-y as the
tcr.peraturo of transforrmmtion is dcereased (Fis-ro, 16). O gas in
coraposition t~ha-t loiwer the narteasite tor.peraturo rnnge thuis incrcasc
the differences in specific -volurmos wiAthin the part :-nd so incrcmsc the
likelihood of craching. This, it nust be romomborod, is in nddition
to the effect of low nartensito range in increa-sing crAcking by raising
the flow stronGth relative to the fnracture strength.
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Two factors fixed by the composition. therefore, hpavo n sigai-
ficrnt effect upon the susceptibility to qucnch.-cr.-ck-ing: the carbon can-
tent Aind the martensito te~micr'aturo range. The problem of find-ing tho con-
position that hns the minir=, tondency toward quotnch-crnc1:ing thus resolves
itself into one of obtaining the composition tha~t provides the desired hrar-
denpbility with the maxcim= riartensito to-pcraturo range, n-n with the nin'-
inur ci~rbon content nccesspry to obtAin the dcsircd strength wiith the heat
trocatmcnt -orocodturo on~plo;'cd(llS). The nzmn ýriatensite tcmpcraturc P-t

the snrc time nrovidos the ninL-,mm arount of austcnitc retained after the
qucnch, nand so miinimizes diffici~itieAs arising from re-tention of austcnitc*.
An. indAicat ion of the likelihood. of auonc*-_craýCking and --stcnito retention
in fuall7-hr-i.rden~ed .staandai-& stcels n;,ay bc obtained fro-, the mart cnsitca-stp-rt.

(U)toenicratures tpabulatea in Table VI.

The cor.oosit~ion haviAng the mazinum ii tcz-pornatro for a given
harcienability rmcy bc obotaincd from informat ion s roviously --;iven concormiag
the effect of composition upon the HS tc:-z-)raturo -and unon h.-rdornab`ilit;,-.
(It night be rm.ore portino-It to cauonchr-crack~ing to consider the 0entiro
nnrtonsito rangertr than only the iill tezroratiuro, but reliable dnta for
the effoct of corvositi1on unon the entire range arer not available.)
Valuets for the effects of r!-rious cle-ments -xpon theo :, toz~jcrat,_.re are
gsiven in Tablo -I. As indicnated in Chqptcr 1, t~he effects -of alloy-ing cle-
entns -on -the z prtcnsitc-start tonxcrat-aro ca'pcar- ts be aelditivn. To a
first aprxmtothe pecarlitic rai t of hzpooutectoid steels
may; be c-%lculaýted from cormposition on the basis of the utplctv sys-

tem ffor calculatin~g hardeaa-oility, usine the d-.tva gýiven ina Table MI. As
yet only a tentative s-ystem for cnilc-at ing bain1"itic _h.ardcnzability (Chap:tcr
VII is available; assu-ned vnJbaos for use-in this system --re also given In
Tableo III.

To conopro the relative effects of t.he alloying elements upon
hardelnability, nnd. on the r~arrtonsite transfor-mation ter~ecrature, it is noý-
cessary to dotonzinc the .effect of each clement on the fractionJ.- izcrea~se
in 'iardenaýbility p:ýr deGree lowcring of the -mrztensitc t rnnsformr.t ion. In
Figu~rc 110 is plotted the fractionatl i-ncrease i-n: bainitic hardenability
(ideal round) per degree centigrrade lowecring of the martonsitc-start tern-ý
peraturo,'

for various hm;_ounts of the d-if-forent alloying elements. Tiguze 11l ic tho
corresipon~ing plot fez' -2earlitic hprdornabilit;r. These figares arer ba-Sed
uvnon V~ic data presenteod. in, Tables I nnd IIP*19 Mlen more co.-Tplote and nc-
curate informration becormes rvailable, the nowi data ~ eused but the goncrr

*11 zny be noted th61at ti-filo docroa-ýing- the sovc~rity o-f -vezich decreases
the tondcncV--to,.*rard. quecnc-cr.ac'_ing (if the coznpcsition is urnchan-ge-d -nd
the stool trtnsforns comoleotoly to w~u'tonsite), t-ho resulting decreasc in
sneod. of coolin- increasos the -nount of trostanito-rotainod.
**h pocial -ddlition elements, such as vAnadciwn, titanium, sirconiun, -%ad

boron have not boon considored for the reasons discussed in Ch.ptcr V1.
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princi-plos s-ld. reaain unchp.igod. Since little is known concerning thea
effect of zalloyinC olononts on the hPardenability of hyperoutectoici stools,
Fiýý-rcs 110 aind 111 aro intended to rý:pl to Wyoitcodsel ny

The,. higheor is a point on a curve for P;, eclcenO~t in tie £i,:.ros,
tac igrea:tcr is the irxcrcasc in ha-rdcnvability per 6dcgcrct lo-,-cring of the *45
to!ýePraturo for --Prther additions of thait clc,-.-.nt. It -.!ill be noted tlha-t
m~od~eratec addcitions of ziolybodcntu increa~se the c neal4tic harde-lnability with
less lowering of the I. tcrmcraturc than. do additions of r=.gucsc, chroniiir1,
nickel, copper, or carobon. 1I11olybIc-num incroa-sos the pearlitic acrbit:
rgrca"tl-r, nand .30 -nor ceat is sufficien-t to insure thant th ,eritchdnmi-a
ability is Egroatcr thoua the bainitic. T-Ims, it is o.,.1y P- ccszsaý-- to sclczt
th- cor-position giving the dosircd bninitic rdn ilit', wit t-_-aIn

i~t0:r1ncrature, ande t~hen add! enoug-h mnolybdenur. to increase the poar~itic
h,-rdenability as f.7r as mVt be needed. The choice of the cornbi-nation of
alloying elo:-norts othcr t-h-an rmolyb-odnuna can, therefore, be basd uon baini-
tic hardernability,. versus Ns, olb~c~ itself, as 'has been -pointed out,
has vory little direct effect ir~on. bainitic hrcaii:.

Moiare ill. indiicnates t'hat the ninim~n.- increase in bl:initic hnrdený-
nability for n Siven. lo-rcring of the nartensite-stfart termicrature is ob-Ua-inoed;
with the ad1dition of ctarbon (after t~he first .05 pc cet.Tuotol
does P, low carbon contenit roid in toug,-hnecss of the-l muonchr-r steeol

bot bfor ad ate tLopring, but nlso nmi~r rten-sitc transfornation
tcrr-ocrrturo.

S-*;,czo- the-. !iddition of silicon does -"ot aýzffect t-ho --:,rtens ite t-..2s-
for.-Ptioln to.-,ne)rature (Table I6), -Yet increases the lb!initia haý,rdcnnbi1lit-
(Ta.ble IILI), the -highor this olene;nt t~he less the tendEncyto-aa ucchInck i.- -- fo constn ca ricnbity -- !ovcr, in1 cast steGis, at lea t,
it Ihns--been re-oorted. that silicon con-tents zmach in ec;ecss of .950;"l~e h
imnnct prolperties(SO)ý. Possibly this crcase is due to the formnation -of
certain silica -base-inclus ions. -At le-ast ýýt poresent, the -,cr cent of sili-
con thrat c:,:n be used -Art-hozAt hositeatibn is linited to albout .50 ý-er cont.

Figare 110 ind-icates tha-t of the thiree ecl.:.-ýnts =nan-ancsc, nickel,
and chroniLUM, -nanLga-nose s::-ould, for ninnimi qlaench-cr!%ciking, be0 ýA&&Cd first
until aýbout .2015ý is present. 71'en, since t'-, ne-xt a-dd"itioa o-f ran
would. lower t-he o rest-tr eirtr nore thor. would an, i-nitial
ne-dition of chromiunm (for -1 Give increase inL'71aiit) hrnu
shou~l be %dded. But if chrc:-iii, t-rcre adde-d nlone, the*-, :-s'.P nsita- start

teaortue oud gain be ne-occssarily lovered, for the chron-ilun currc
wold dropo to a lower va~lue thanc, that for .20Cr nanganse. Th.=cforc, fe

ra steel contains aboout .20)6)a~nsc chro:-ium n nnýCngarncsc shouldI be
led~d togother, ,adin such qrv, it it iec cthat the points corros-,onding to

thecir concentrations be on the s-1ne horizonta-l line- in Fi,-urc 110.Ths
concentrations arer indica-ted in Figure 112. The sane-. situation .-risos
w-ith roe-trd to nic~col; :after the stool cont!%ins about .GO =,nC.-ose and
g~ chroniun, nicl.zol, chroni-azi and rn.nganoso should bcc added. togothar,

mid in such qua-ntitios thrat the points corresponding to thoir conccntra-
tions be on the sm~o hori2ontpl line in Fic'iro 110. rincso concontrations
are alIso indicated in P'iarc 112. Emus, nccording to the ri'vaulablo Infom"..
tion Ps to the effect of the nlloying olononats, on tho bainitic lvxenribiýt Mt
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and on the martensite-start ter.perat':re, manganese, nickel, tnd chrdmnui
should be added simu4tancously rand in concentrations bearing a definite
relationshin to each other. Instead, then, of considering individual1 hrrden-r
ability factors for each elenent, it is possible to deternine a corblled
factor for the three elements in the relative amounts given "7 Figlra 112.
This fz.ctor, plotted in Figure l13 as a function of the mangnese conitent,
is the product of the individual factors for the three elements, manganmese,
nickel, and chromium.

Figure 110 indicates that when sufficient hordenP'bility is rec:uircd,
copper bho-ýId be added simiultaneously with manganoso, chromitt:, and nickel,

F,,ovmer, )ecause covior has linited sol-bility in ferrite -nd causes age-
hnrdcnirg, it is not ordinn.rilr considered s " an ,lloying element foi ob-
t a.inina h,'.rdonab il ty,

It is t* be renembered that since the numerical data concerning
baizltc hardonabl'; ity are so" fw, the nimnrical values given in Pigurits
llýj, 112 and 113 re necessarily tontativo. It is the principles sho•zn
1,4 these figures, rather then the numorical values, that should be lkeot in
rind.
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TABLE VI

CALCULAT"D UIAR=TS T:F. START ZTLS

OF STANDARD MOM-R_ LAL STZ.lS*

Steel ' I.SI Steel 1 Is , i
1,zuiabor I o0 O oF , umber I oI , oF

! I I I I

SA. 1010 500 930' 'SAE 2317 410 770
101.5 48O ' 890'' 2330 1 355 68o
lOL6 465 870' 2340 320 600
1020 465 870 23-45 00 580
1022 445 8140'.

"0214 41o 770'' 2515 ' 390 1 740
"1-025 14-45 8401'
1030 41o 77o'' 3115 1 445 ' 830
1035 395 7501' 3120 420 780
io06 375 1 700' 310o 385 79

100 380 7201 3135 365 69
o145 360 680'' 31140 e 345 650

1050 34o 640'' 3141 340 650
1052 315 6oo00 3145 325 61r.

S105.5 325 620 3150 305
" 06o0e ' 310 590

'' 3240 340 640
111, 1 485 f 900o
1112 495 900'' 3310 405 76o
11.13 4,55 gooII
1115 465 s6o0' 4023 440 820
1117 445 1 g30'' 4027 1 420 790
1i18 s430 810'' 4032 405 760
1132 3 385 720'' 4037 3 380 720
1137 365 690 4042 365 690
1141 345 C-60, 4o407 ' 345 660
1145 360 690

24119 440 820
1320 41io 770'' 4125 1415 780
1330 375 (V710 4130 4o5 760
1335 355 68o0' 4137 370 69o
134o0 31 0 61o' 1414o 355 670

I' 4145 335 6140
1Re 1345 320 610o' 4150 325 61o

1350 305 501'

*0Compositions taken as for '-ble V. Temperatures calculatee& from
Centigrade values given in Table I.
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TAB~LE VI (cONIT.)

Steel ' I' Steel ' Nsi'
Number 0° ' 1F'' umber ' ° O

Si ! ! !

sA- 4320 415 780' 1T 9255 325 620
434o 330 630' 9260 305 580

9261 305 5eo
4615 1440 ' 830'' 9262 300 1 570
4620 425 800''
4640 ' 350 ' 660 9415 44o ono

9417 435 820
4815 ' 415 1 780'' 942o 1 425 1 800
4820 395 740'' 9422 420 780

' ' 9425 4or 760
5120 435 20'' 91427 1o0 750
514o ' 360 ' 680'' 9430 3t5 ' 730
5150 325 61o'' 9432 390 710

I 9435 370 69o
ima-8612 455 850'' 9437 360 6so

8615 ' 445 830'' 940 o 350 6608617 435 820'' 9442 340 640
8620 ' 425 ' 900o' 9445 1 330 60O8622 40 790' 9447 315 600
z625 41o 770 9450 o35 50M
G627 4OO 760''

3630 7140' 9722 435 810
g632 385 720'' 9727 415 780
8635 1 370 ' 690'' 9732 4o0 1 750
8637 365 690'' 9737 380 720
s64o 1 355 ' 67011 9742 ' 365 1 6go
8642 3145 66o,' 9745 350 670
8645 ' 335 64o',' 9747 345 0
K6147 330 620'' 3750 375 6•o
s650 320 600

S9830 375 710
8712 455 85011 9832 370 700
8715 445 830'' 9835 36o 68o
8717 435 820'' 9837 350 60o
8720 .5 800' 984o 31o4 650
8722 420 790'' c842 335 6640
8725 413 770'' 98145 325 62o
8727 400 7o0' 9847 317 ' 600
9j30 390 740'' 9850 305 590
8732 385 720''
8735 370 690'' 9912 450 8940
87•7 365 68o'' 9915 440 820
8714 35o 670'' 9917 1435 O10
97425 Z66o0 9920 425 ' 790
8-,145 335 640'' 9922 415 780
8ý477 330 620'' 9925 405 ' 76o
8750 315 6oo''
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VIII. 7WZP•A ILITY

The maximum hardness obtainable is not often desired in a part,
even though maximum hardness is associated with maximum flow and fracture
stresses. At maximum hardness the separation between the flow and fracture
stresses is small and hence the ductility and resistance to brittle failure
are small. A fully martensitic steel has practically maximum hard-ness in
the untempered condition*. A slight tempering, sufficient to cause preci-
pitation of carbide from the martensite, does, it is true, result in a
slight increase in hardness, but this increase is so small as to be, ordi-
narily, negligible. The hardness at room temperature of untemperei. fuLly
martensitic steel depends significantly only upon the carbon content (ex-
cept for very low carbon steels, where alloy content has some effect)(295,
296). As Figure 114 indicates, the hardness increases with the carbon corn-
tent**.

It might be thought that the hardness desired for service could
be obtained without teLpering by adjusting the carbon content of the steel.
However, except where the h-ardness desired is very high, this procedure
would be very difficult to control, for the small variations from the de-
sired carbon content that are inherent in present steel-making practices
would&pro&-ace great variations in hardness (?igre 114). Also, with the
low carbon contents involved, it would be necessary, in order to obtain
the required hardonability, to use alloy contonts so high as to be P lmost
prohibitively expensive (unless the part was very thin or the hardness de-
sired very high). Moreover, if no tempering treatment were used, it would
be necessary, in most cases, to put the part into service without relieving
the internal stresses resulting from quenching. As will be mentioned, these-
stresses may have several detrimental effects.

In practice, then, it is ordinarily necessary to use a carbon con-
tent that provides, in the untempored martensite, a hardness greater than
desired for service, stnd then to reduce the hardness to the desired value
by tempering. In metallurgical design, it is, therefore, frequently neces-
sary to determine the combination of composition and tempering treatment
that will produce the desired strength (hardness) with maximum ductility
and toughness. The transformations that take place during the tempering of
steel were discussed in Chapter I. The strength of a tempered martensitic
steel is controlled by the size of the carbide particles, and to a certain
extent by their distribution and perhaps their type. These in turn rzo con-

*Steels that contain large an.ounts of retained austenite mVy be appre-
ciably harder after tomporing thaun before, since tempering induces de.-
composition of the roft austenite to harder p.oductt.

"**Reports that the hardnoss does not increase beyond .70 per cent car-
bon are undoubtedly due to failure to eliminate retained austenite(297,
298). However, it should be recognized that the Rockwell C hardness
scale is very insensitive at the high hardnesses involved, and the
change of hprdness with carbon content mpy, therefore, not be very
great on this scale.
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trolled by the composition and the time and temperatuare of tern;. ring. For
steels that contain only small percentages of carbide-forming clemento, thet f strength decreaser, continuously with irncreasing tempering time andý 'e:1per-
ature. (FicUre 115 shows the eff'ect of both time and temperature, whi.le
Figures ii'3 to 119 illixstrate the effect of ternporat~n-e on steels tempered
for a fixed. time.) Alloying elements such as molyhdentu~i, chromium, r.nd
vanadiuiL indiuce the fo--'mation of al).oy carbidcs at high- temporing temper-
eturocs (or long times). These alloy carbides retard the gofternin! an~L- may
cau,3e the la xiiesr, to increasr. with temperature or timne ove.- a limited
range (FigLres 17.9 and 120).

it has been found thpt the time and temperature roecasnary, to pro--
duce a gi-3on hardneas (or yield strength, or tensilc strength) a.re relntod
in such P. wry that the d~egree- o~f temperin,, cran be ex-pressod by n single par-
axncter rclatine the effects of time and of tomporaturo(122). Thus the
streng~th of a steel is determined oiily by a sing)o raramoter annd is not de-
pendent upon the ind~ividuial values of the time and temperature. The tei.n-
porability (rospons:o to temperine-) of a stoeYL may be ei-prossed in Graphs
in which some measure of the strength is niotted as a function Df this par-
rvune t er . T~wo such gr,-phs aro preoentod in Figures 121 and 122. Figure 121
is for a plrin catrbon. steel for vihtch the hardnoss decreases continuoucly
with increasinE, temperature oatd timeo, wbile ?igu~re? 122 illustrates the tern-
porability of P. molybdonu~rn steel c~dibitin;sconayhres

S3tools of th.e, =ame carbon content that aro comnletoly marteiisitic
upon quenching and that arc, not cusceptible to temper brittleness will have
very nea~rly the se.ne propertics if they have th'-1 sone hnrd~nries (strongth).
Thus, for quch steelc, all the pro-porties tcrc specified b,-r the, termpernbilitl
cuIrves. If, howjver, austonite is retvained upon qr~onehin,7z, low-termpe--'.atre
t e~muor ing mpy rot rcsujlt in the same trranqfor::.,,-ti~onr, of the Pnuotenite ns
high--teripereturc tempering. The hardness,, May not be glently affected theroby
h~ut the impnot properties after `Qhu twQ trentrnents mny~, be widely different.

'"he relantion betwe,:nr tir.:e nnd ter:xoernt1,:Ž'e for the temper brittle-
nu ss transfori-ation is rot the smrio ris for the r"Ivecip itation rand agg~or.'er-"
t inn of th,.- carbides. Above a~bout U1,7'o F. (630.1 1.) the ter-1nor brittle-

-c:rfocipltattior, d'-,vs not occur, while bclow 11000 F. (600" C.), its time-
ter.-:pe:'atu~re--trvýnsforiucpticn,- cu;.ve hocs tiefr. of P, "C (Fig--ure 18). There-~
foýre, ter-,piorin~j a sitsce-ott-ole steel ot teimpern.turc-2 below 11000 F. (6oo0 c.)
f or i long Utie will not resutlt in the opwie trughness as tempering Pt hi;h
tcmporaturzýýs for P. short tr-,even thioud-l thý. htardnesses r'ay,. be the s,-ee.
(As far as cFan be detorrmilno the preci-'it!ote t',tat results in tce:1er brit-
tlenr~es does not chpngo the ha~rdn-ess of' tle steel.)

One other pecrulcity i.. tenperti-rg behavior must be noted. As in-
dl~ciated in Fi,ýur- 123. tP~c'~~t rodcrrtely low tormcrr'tureg freqiiontl.,
rosults in tmirict propertioc inferior to those obtan~ree by tQMpecring- nt.
lower tcorperanuires, even t~hrow-h theo ha'-dness is rnot Vas. hi&h.

Hardness After TneroerinLk:
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R.elation Between Time azi TeEMerature

Before discussing the effects of carbon and of alloying elements
upon the strength or hardness after tempering, it is desirable to reduce
the two variables of tempering time and tempering temperature to a single
variable. It has been found empirically(122) that, over a wide range of
times, temperaturos, compositions, and structures before tempering, the
hardnch s depends only upon the tempering parameter:

4 a T (log t/to) - T (c + log t), (8-1)

and. not upon the time and temperature separately. fere, T is the absolute
temperature, t the time, and to or c, a constant*. lbamples are given in
Figures 121 and 122. (The relation has not been chocked adequately fur the
very low tempering temperatures and times at which the decomposition of te-
tragonal martonrito is the principal reaction.) The value of the constant
is not critical and no effect of alloying elements or of prior structure

*Por cases where the tempering cycle cannot be characterized by a sin-
gle temperature and a singlu time, more general expreseions for the
parameter M must be used. if several ti;mporing treatments, each at a
fixed temperature, are successively applied to a piece, the value of
the parametor at the end of each treatment may be computed as:

i /T log .1 6t + I0O /T)

or

T log t-loc + 1 0 MO/T

whore A t is the time spent at temporaturo T mnd MO is the value of
the parameter at the start of this time. (Mo may be taken as zero
for the first treatment.) For cases in which the temperature is
changing duri.ng tempering, recourse must be had to the differential
equation,

dM/dt T - T

2.303 to OM/T (2.303) I0 (M/T)-c
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upon it has been established. Carbon apparently does have a small effect,
as indicated in Figure 1.12. The constant c varies linearly from 191- at
•30 per cent carbon to 15 at 1.10 per cent carbon (for times expressed in
hours). For steels of .20 to .40 per cent carbon, the value of 19 is
sufficiently accurate for practical purposes, and the parameter can be taken

j as T( l9q .+ log t), for times expressed in hours. On this basis, Figure
113 has been prepared. All the combinations of tompering time and temper-
ature that fall on •he same curve in this figure will produce the same
strength after tempering, provided the structure prior to temporing is held
constant. 4s an indication of the effect of carbon content, Figure 125 may
'be compared with Figure 126, which is drawn for steels of .90 to 1.20 per
cent carbon (c equal to 15). The difference between the two figures is not
Sgreat.

Steels Containing Little or No Carbide-ForminE Elements

Alloyig elements may affect hardness response to tempering in two
Sweayst primarily, through their effect upon the structure obtained with a

given tempering treatment, and secondarily, through their effect upon the
hardness of the ferrite in a given metallographic structure. Nevertheless,
it has been established that steels containing little or none of the car-
bide-forming elements have hardnesq-vn.-parameter curves that are practi-
cally linear. T`Ti is true up to ithin 3 ooints Rockwell C (about 30
points Brinell) of the hardness prior to tcmpering, and holds on the Rock.-
well scale down to about 025 and on the Brinell scale to below 175, (See
Figure 121.) Moreover, the elopes of these curves are essentially the same,
:.egardlese of the composition and the structyre before tempering, (provided
the same value of c is used In plottirg, the curves). For steels conteining
.20 - .40 per cent carbon, the hardnesp is Civen approximately, within the
limits mentioned, by the equations:

Hardness = Hc - Hd (g-2)

Hd = .00216T(19.5 + log t) Rockwell C

(9-3)
Hd = 0.190T(19.5 + log t) Brinell

Here T is the tomperature i,, degrees Rankino (V F. + 460W) and t is the
time in hours. Rd is termed the "hardness difference" and Hc the "charac-
teristic hardneses of the steel. The chwracteriatic hardness depends upon
the composition and the structure before tempering, but is not eqiul to
and should not be confused with the hardness before tempering(122).

Hardness difference values, derived from equation (9-2), are given
in Figures 125 and 126. The difference between the Iutrdnessee rosultlng,
from any two tempering cycles will be given by the difference between the
values indicated for the curves upon which the cycles fall. Thus, if the
hardness produced by one tempering cycle is known, ths herdnese thnt will
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be obtained with all other tempering cycles can be readily foxnd't.

, The characteristic hardness is of ase primarily. for comparing dif-

ferent steels. It provides a single number that defines the ent-ir retsponse
of a steel to tempering, for a given structure prior to temper•ng. (Thie
does not include retained austenite or temper brittleneo- effects.) Once
the characteristic hardness is kmown, subtracting from it the hardness dif-
fora'nce corresponding to any teopering cycle will give the hard~ess result-

ing fror% tha.t cycle'.1 Thcre rewaine, however, the problem of determining
tlhe ,haracteriatic hardneeq.

The characteristic hardiaeas of a steel, having a given structut-e
prior to tempering, can be obtained if the hardness rceulting from a single
tomporing cycle, starting with thie structure, is known. Thus, if a sa.i o
of a stecA is available, it is meroly necessary to austeritize and quench
the sample to produce the intonded structure prior to tempering, temper it
at any convenient temperatuco for ray convenitnxt tirme, and, meaoure its hard-
nose. The hardness difference corresponding to the tempering treatment used
(Figures 125 or 126) is then oimply added to the measured hardne'so. The re-
sult is the characteristic hardness (equation (g-2))*, FiLu-res 125 iu.
126 will then give, at leoat to v first approximetion, the hnrdness obtain-
able with tny t•mnperin- cycle. if i,.o conpnrisons with other stee&c; are to
be mwde, the hardness obtainable with any tomporing cyole crn be obtninedl,
by use of the figuros, directly from tho, moasured. value, and tho character-
istic hardness need not be considered.

*For example, euppose a .30 per cent carbon s.teclJ"contrining little
cerbide-forming elements) has a hardnoesw•f 32 Rockwell C when tem-
pored 1 hour nt 9000 F. This treatment corrosponda (FiW.re 125) to
a hardness difference of 574 Rockwell C0 while 4 hours at 10000 F.
corresponds to 63.-. Rockwell 0, 63-h '57j' = 6 Rockwell C.
A temperirg treatment of 4 hours Pt 100I00 F. would, therefore, re-
sult in e, hardness of 32 - 6 = 26 Rcckwell C.

t••ardness difference values m:%y aleo be used if several temperIng
trentments are successively applied to the erme piece, If e trent-
"ment consisting of 2 hors at 9000 F. (hardness difference 543,
according to Figure 113) iz followed, after cooling, by •Coother
treatment of 1 hour at 9000 F., the two treatments are equivalent
to a single treatment of 3 hours at 9000 F. (hardness difference
59). Agair., the 2 hour treatment at 9000 F. is equivalent (Fig-
ure 125) to 11 hours at 95 00 P- If E 2 hour treatment at 9000 F.
is followed by 5 hoiu7a at 8500, the hardness difference corresponds
to 16 hours at S500 Y., and is oq'xpl to 59 Rockwell C.

**For example, if the characteristic hardness le95 RRockwell C, P tern--
pering treatment of 1 hour at 9000 1., which priovides a hardness dif--
ference of 57. (Figure 125), ,woul.d result ii a hardness of 95 -

5 Tý 3Th 1ockv~ell 0.
**rFor example, if the tempering treatment of I hour at 9000 F., corMO

ponding to a hardnese difference (Figure 125) of 5y*, resulted in
a hcirdnoes of -. 44 Rock-dell C, the c&auracteristic hardness would
be 57 € 37- 95 Rocwell C.
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Unfortunately, practically no work has been done on the relation
betwe.rt characteristic hardnoes and composition. Reliable data are at pro-
sent availlable only for the effect of silicon (in martensitic steel, .50 -

IF -.55 per cent carbon) end for the effect of cobalt (in martensitic steel, .40
- ,45 per cent carbon). Silicon uP to 3.80 per cent increases the charac-
teristic hardness, linearly, about 4 Rockwell C per per cent. (Figure 127.)
Cobalt up to 7.40 per cent increases the characteristic hardness, linearly,
about 1/2 Rockwell a per per cent, There is no good information available
as to the affects of the other elements. A very tentative curve for the
effect of carbon upon the characteristic hardness of tempered-martensitic
iron-.cnrbon alloys is presented as Figure 12r8. In the absence of better
data, it mey be estimated from 1igures 117 to 120 that 1 per cent manganese
increases the characteristic hardness 14 Rockwell C, 1 per cent nickel 1
Rockwell C, chromium, in small amounts, l} Rockwell C per per cent, and
molybdenum, In small amountn, perhaps a;- Rockwell C per per cent (Table
VII). Even the additivity of the effects of the various elements has not
been established. Though a6ditivity may be acewuned gs a first approximan-
tion, there are some indioetions that additions of alloying elements to
a highly-alloyed steel do not increase the characteristic hardness as much
as the same additions increase the hardness of a steel containing little
"or no alloy.

When no experimental results are available for calculating the
temperability of a steel, Table VII and Figure 128 provide a means of ob-
taining an estimate of the characteristic hardness from composition, How-
ever, because the data upon which the table and figure are based are so
scant, any information on the temperability of steels similar to the one
whose temperability Is sought is likely to prove useful, provided the steels
have the same structure prior to tempering. The characteristic hardness of
a similar steel can be obtained if the hardness resulting from one tempering
cycle is known. The difference between this known characteristic hardness
and that of the steel whose temperability is sought can be estimated from
Table VII and Figure 128, and the characteristic hardness of the latter steel
thus obtained. The hardness that will result from any tempering cycle ap-
plied to this steel can then be found by using Figure 125 or 126.

Stools Containinarbide-.Formin T emes**

¶ As has been diecussed in Chapter I, when moderate or large amounts
of carbide-forming elements are present, a complex alloy-base carbide is
likely to precipitate at high tempering temperatures and long tempering times,
Such a precipitate appreciably retards the softening of the steel. (This
phenomenon is known as "secondary hardening".) Therefore, although the same
tempering parameter and tempering constant seem to ipply whether or not car-

*This curve mes obtained from a published curve(122) for plain-carbon
steels b.- a-4btracting hard:aess increments corresponding to the mrsia-
nose and silicon contentE of the steels.

"Most of the conclusions of the following paragraphs are based on rn
earlier £tudy(299).
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bide-forming elements are present, the linear relationship between hardness

and tempering parameter does not hold when moderate or large percentages
,a of these elements are present. Superimposed on the normal softening asso-

ciated primarily with the growth of cementite particles is an age-harden-
ing, associated with the nucleation and growth of alloy carbides, and en-
tirely similar to the age-hardening phenomena well-known in non-ferrous
alloys.

In steels containing more than .25 per cent molybdenum, for ex-

ample, the normal linear behavior holds up to tempering treatments of about

1 hour at 8500 r. (50° C.), or any equivalent combination-of time and tem-
perature. On further tempering, the hardness falls off less rapidly, and if

the molybdenum and carbon contents are high enough it may actually increase.
(Figures 119 nnd 122.) The secondary hardness reaches a maximum after a
tempering treatment equivalent to about 1 hour at 11000 r. (6000 C.). As

tempering is continued, the hardness falls off as rapidly as it does for
plain-carbon steels, or even somewhat more rapidly.

Vanadium steels believe similarly to molybdenum steels, but less

"of the alloying element is needed to produce the same amount of secondary

hardening. The effect of tungsten is probably similar, but it might be ex-

pected that (because of the high atomic weight of tungsten) more tungsten
than molybdenum would be required to produce a given degree of secondary
hardening.

The effects of chromium, though qualitatively rnther similar to
those of molybdenum, inanifeat themselves at somewhat lower values of the tem-
pering parameter. (Figure 120.) Apparently the chromium cArbide precipitate
forms sooner and grows somewhat more rapidly then the molybdenum carbide.
Secondary hardening in high-chromium steels begins to be noticeable at c.p-
proximately 1 hour at 65O0 F. (3500 C.), and raachcs its maximum et perhaps
1 hour at 8500 F. (4500 C.), where the effect of molybdenum first appears.

For the prediction of temperability from composition, the assurip-
tion of a linear relationship between hardn3ss and the pnratmeter M may be
used for tempering treatments (values of M) up to those at which secondnry
hardening begi.ns. For temporinF treatments (values of M) granter than those
necessary to develop full secondary hardening, the same assumption can be
made. The decrease in hardiness with increasing M is actually somewhat greater
after full secondary hardening has occurred (while "over-aging" is taking
place) than if there had been no secondary hardening, but to a rough appro7-
imation, it can be considered the some and the hardness difference values of
Figure 125 or 126 employed. The characteristic hardness is, however, ccnsid-
erably different after secondary hardening than before. The range of tem-
pering treatments in which secondary hardening is increasing can be consid-
ered as one in which the characteristic hArdness is increasing.

The characteristic hardnesses, both before and after Pf'ondnry har-
dening, of the chromium ateels and molybdenum steels covered by i'.gures 119
and 120 aro chown in Figures 122 and 130. Corresponding values for the ef-
foct of moderate percentages of chromium and molybdenum upon the character-
istic hardness are given in Tftble VII. The characteristic hardness of series
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of chriAUm-molyb4.uem steels are indioate& in Pigtee 131 "d 132, It will
be seen that the jr,,enOe of more than .50 per ternt m•libdenum markedly de-
creases the effect of chromium Won the characteristic hardness after sec.

t ond.ary hardening. It may be surmised that the molybdenum combines with tthe
carbon to form a molybdenum-base carbide, and does not leave enough carbon
for an appreciable amount of chromium-base carbide to form. However, eren
when 5 per cent molybdenum is present, secondary hardoning commences at the
low values of the tempering parameter characteristic of chromium-carbide
precipitation. It is possible that chromium carbide precipitates first and
then redissolves as the raolybdenum carbide precipitates. In any case, the
data indicate that the effects of large amounts of chromium and molybdenum
upon the hardness are not additive after secondary hardening has taken place.

Figure 133 illustrates the effect of vanadium upon the characteA-
istic hardness of a steel containing 1 per cent chromium. It is of interest
to note that while .16 per cent vanadium does not affect the hardness prior
to secondary hardening, it greatly increases the hardness after iecondary
hardening.

Because of the complexities involved in calculating tempered hard-
ness from composition when secondary hardening occurs, it is adv~ritageoue
to use whatever information Is available on the tempering of steels similar
to the one whose tempering behavior is sought. Curves similar to Figures
116 to 120 can be helpful. For such comparrAtive data to be of much use, It
must apply to the same structure prior to tempering. In thi4 L onnection,
it must be remembered that it is primarily the composition of the martenlitc,
and not the overall composition of the steel, thpt determines the tempv'abil-
ity. For example, large particles of alloy carbide, as are likely to re-
sult from insufficient austenitizing do not have much effect upbn ternperablity
mn the carbon and alloying elements combined in them should be deducted fror
the overall composition before evaluatitg temperability.

Brittleness on Low Temperature Tempering

As Figure 123 indicstes, tempering treatments equivalent to about
1 hour at 450-65Oe F, (250-3500 C.) generally soem to result in impact pro-
perties inferior to taose obtained with less tempering, even though the hard-
ness is lower. The pharnomenon has not been investigr.cea in detail, but
changes in carbon and alloy content have not yet been found to affect it.
It may be hypothesized that as carbide particles precipitate from the m-.r-
tensite on tempering and first begin to grow, their shape, size, and dictrl.
bution are such that for a while the fracture strength of the steel falln
more rapidly than the flow etress. This necessarily reduces the energy
necessary to fracture the steel under complex stresses and high rftes of
strain. (Chapters III and IV.)

Teaper Brittleness

The properties of steels susceptible to temper brittleness mey be
affected by the temper brittleness precipitation, which tends to occur in
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such steels at temperatures below 11000 F. (6000 o.). As discuesed earlier,
* • the precipitate lowerA the fracture-atrecs curves and so changeis the impact

U properties, but does not affect the flow-stress curves (or hardness). The
effect of the precipitate is to shift the notched-bar impact curve, reiting
the temperature of brittle failure. Thus, the apparent effect of the preci-
pitate at any one temperature of notched-bar testing not only depends upon
the amount of the precipitation that has occurred but also upon the position
of the notched-bar'impact curve of the unembrittled str.el. (See Figure 79.)
Since no direct measure of the amount of precipitation has been devised and
since it is difficult to obtain quantitative measures from the notched-bar
data even when the entire notched-bar ener• T cuvtvu* &re available, the quan-
titative effects of changes in composition on the rate arn0 extent of the preo-
cipitation have yet to be determined. The available data indicate that the
three elements manganese, nickel, and chromium increase the atiouu'a of prec2-
pitation that ogcurs with a given treatment below 11000 Z. (6000 C.), while
molybdenum, at least up to . 10%, decreases the amount (fu: short and moderate
tempering times). Based upon notched-bar data for tempered. martensitic steel@,
it appears that the relative effects of the three alloying elements in in-
creasing the susceptibility are similar to their relative effects in in-
creasing the haro~enability. Thus, manganese has a large effect on harden-
ability (both bainitic and pearlitic) and also markedly increaseu the sue-
ceptibility toward temper brittleness, Nickel and chromium ha•ve lesq effect
than manganese both on hardenability and on temper britt~enes. In Figure
134, a relative measured susceptibility to temrer brittlenesa is plotted as
a function of the combined nearlitic hardennbility factors for nickel, chro-
mium, and mangsnese*. The higher the molybdeniu contert the higher can the
manganese, nickel, mnd chromium contents be raised without producing embrit-
tlement (with a fixed treatment for moderate times). It is not known defn-
nitely whether carbon, phosphorus, sulphur, silicon, of any of the other' ele-
ments that may be prenent in steel affect the susceptibility(129).

For steels susceptible to temper embrittlenent, it is ofter desir-
able to temper to a given hardness in such a frashion -o to minimize the
amount of temper brittleness precipitation that will occur, Yor moacrately
susceptible steels, at least, tempering above the temperpare at which thei
precipitation occurs, folloved by rapid cooling, will prevent the procip>'
tatlon. An indication of the effect of cooling rate upon the development

of temper brittlenfess is given in Figure 135. It appears that, In genorel,
the less susceptible the steel is, the more olowly it mpy bo uooled follmiv-
ing tempering, without danger of embrittlement. For heavy sections it is
usually necessary to use very susceptible steels (to obtRin the hnrdenabillty)
and the cooling rates are so very slow thpb embrittlement aay occur eveo, upon
water quenching the part from above ll00 Y. (6oo0 C.).

In many cases the tempering time can be mnde AVfflciently short to
permit tempering Pbove 11000 F. (600' C.). ,n other casees it canunot, A typi-
cal example of the variation of impact strength obtained (without change in

*The steels for which the data were obtaIned contained about .305 car-

bon and from .25 to .40% molybdenum(2l9).
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h' rd.ese),by holding a steel for various timen &und temperatures below 11000 F.
S ! (600 0.) is given in Figure 136. The 0-shape of tne curve is to be notecL,

as well as the fact that the eventual embrittlement is gre-ater the lower the
temperature. Since above the none of the C curve (9750 F. (5200 C.)) the
time necessary to begin the precipitation increases with temperature, tem-
pering at high temperatures (above 9750 F.) will be less likely to produce
embrittlement, Since at low temperatures the time necessary to obtain a
given hardness is more dependent upon tempsratur-e than is the time necessary
to obzain a given amount of precipitation, temporing at the highest possible
tem-perature and shortest time will alwaye produce the minimum embrittlement
at a given hardness (Figuie 139). The highest possible tcmperature is ordi-
narily set by the shortest terpering time that can be used, through the time-
temperature relation for the desired hardness. If the tempering temperature
is above the nose of tho temper brittleness C curve, rapid cooling following
the temper will help to minimize temper brittleness.

Retained Austenite

As has been mentionod, retained aaotenite is likely to decompose
on tempering to bainite or pearlite, which are undesireble in zteelp, intended
to be fully hardened. The amovnt of auctenite retained is decreaps, by de-
creasing the temperature to which the Bteel ie cooled after quenching. Also,
the less the time consmwed, within the martenyite range, in bringing the
steel to this minimum, tm'oerature, the less the austenite that is retained.

It is not always practical to cool a steel part below the Mf tem-
perature, particularly if this lies below room temperature. For instance,
suitablo cooling equipment is not generally available for very lorge rarts.
Moreover, as indicated in Chapter I, even cooling without delay to very low
tre'peratures does not always result in complete transformation of austenite
to martensite. When it is not practical to transform all the austenite by
cooling, the best procedurc thst can be followed is, ordinnrily, to transform
the alustenite to the product that has the least detrimental effect upon the
properties. This product is lower bainite. (In those cases whore no teo-
-po.rine,. Is necessary, the best procedi:re, if dimensional stability is not
eseential, may be to leave the austenito untransforrcid.) The austenite mily
bc trrvniformed to lower bainite by a preliminary tempering treatment In the
lower portion of the bainite range, followed by normal tempering to produce
the desired hrrdness. Since the presence of martensite accelernteo the trans-
formation of austenite to bainite, only a brief preliminary temper is usurllyr
neceasarz (at leant for hypoeutectoid Ateols). in most cases, grAdual herting
to the normnl tem-ering tomperature, an occurs when the wart is heated in a
mild heating medium euch as air, is sufficient to decomnose the austenite to
lower bainite.

Reniduaml Stresses

Residual stresses "Pay be introduced by transformptions and by tem.-
pernture differences within the part during quenching or other hent treat-
i:ont, as has been mentioned in Chapter 7II. They may also be introduced by
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direct plastic deformation of the part (Chapter TII). If the plastic flow
or transformation is non.-uniform on a microscopic icale, the residual3 • stresses will be on the same 8cale and are of on referred to as tessellated,
parasitic, or Heyn stresros. If the non uniformity is on r. lnrger scale,
the residual stresqcs will be on a lrrger scale.

The parasitic stresses givo rise to the Bauschinger effect, as has
been discussed in Chapter III. Deviation of the stress-strain curve from
linearity may also bc caused by parasitic strosscs introduced by, for exam-
plo, quenching. It is beli.wevd by mpny that parasitic stresses Prising
from quenching and transformr-Olion serve to decrease the ductility P.t high
htrdncssos. A mechanism he ýeon advrnced(103) to predict such cxn effect
but confirmn.tory exporimcnts •rc difficult to oacsign. Probably the most
important effect of the•o rtrnini-, is to lower the endurance limit in fr'tiguo.

Macroscopic rouidw]i. stresses are extromely important, for they
cause "warping" or distortion kipon heating or machining. Favorable residual
stresses may bo intentionally intrQduced into metal parts to increase the
external loads, in certain directions, necessary to cause yielding or frac-
ture. Autofrottage of gun tubes and shot peening of springs Rre excellent
oxm-olos of the introduction of "favorablo" residual mpcrostresses, Un-
favorable residual mcrostrossoýs decroe.ns the overall strength of the metal
pa.rt because they lower the external lord ncccsep.ry for yielding. Residual
strossos in stools subject to brittle failure may incresec the tempornturo
at which such failure occurs, bocruse they constrain the metal nand rnisc
the flow Atross curve. Furthcr, if the rtreses crc "unfnvorpble". brittle
failure may occur at smaller values of the applied load.

Frequently it is desired to remove or reduce the residual stresses.
Parasitic stresses are relieved in order to straig,,hten the initial part of
the stross-strrin curve and to prevent plastic deformation and fatigue fail-
ure at small values of the applied load. Macroscopic stresses are relieved
primarily to obtain dimensional stability in machining or in service, or to
reduce stresses thet would be unfavorable in service. Many believe that re-
sidaal stresnes are primarily the cause of brittle failure and rolirve
stresses simply to prevent such failures. As pointed out earlier, however,
if the metal is ductile, residual stroesso generally will not cause brittle
failuro. It is only thr.t in their presence inherently brittle matorinlS
can be mv.dc to fail brittlely under less severe conditions of externpl load-
ing.

Pp.rasitic stresses are reduced by holding at rbout 6000 F. (3000 CO)
for 1 hour to such an extent thp.t the initial part of the stress-strain
curve is raised(302). The Bauschiziger effect is a.lso removed by those low
temperature trer.tments. The verintion of the riold strength rht .01% offset
of quenched specinens. tompered for 1 hour nt various temperaturos, is illus-
trated in Figure 135. the fiepu' ineIcatee that for .his steel the curva-
ture f t he initial pert of the stress-strain curve is removed at .a teup.r-
ature of about 11000 I. (6000 C,). Thdre 1is little Irfo•wmion availa1le
regarding the equivalence of the effects of,-time jAd of temperature iU ren
-leriuC the parasitic stresses.
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Macroscopic stresses may be relieved by two methods:

(1) Removal of stressed metal, which results in a rebalancing of the
remaining stresses by deformation (the cause of machining instability),

(2) Plastic deformation, either by applying external loads or by re-
ducing the strength through reising tho temperaturo.

Strosscn are generally rclievod simply by heatlng the metal part. Even
though many experiments have bocn performed to moeaurc the varintion of
stress-reliof with t.m.: and temperature, difficulties inherent in the ox-
perinmentation cause the results of such measurements to be very hard to in-
terpret. A recent summary(304) of the available date, indLicate• that the
averaged curves of Figure ±39 are the best that can be obtained. The scatter
in the measurements was so grept that no conclusions could be drttwn as to
the effects of atoel composition or of str'ucturc on the rrte of stress-relief.
Figure 139 Andioeoo that modornte changes in rtress-relioving. timŽ are equi-
valent to only small changes in tompornturo. No definite relations have boon
establishod between the effects of time and of temporpturo. How much stress-
relief is nocessary for n given part must generally be datornined by expcr-.-
imont. Streas-relieving Pnd sequence of operetions moy be adjusted to pro-
duce the desired. stbi].ity. If thc nmcrojcopic strcases Pre unfavornblc,
it mrty be necessary to relieve these strosses r~lnost completely to prevent
yielding in service. To nvoid chrnzging- the hardness, stress-rolieving must
be craried out '.t tompornturos lower than the prior temperaturo of terroering.

Stools susceptible to terper brittleness may bocone cnbrittlcd
upon stross-relieving. If a steel has bonn quenched Pfter tcmpering: rbove
0l0oe F. (6o 00 C.), even if followed by wptor qucnching, stroes-relievin,:

a t temperptures below 11000 F. (6000 C,) nmy induce the precipitation that
results in temper brittleness. Slow cooling from higher strosP-rolievin,-
temporptures is rlso likely to embrittlc the stool. Rapid cooling will in-
duce additional residurl strcea, though they na• be fnvornble. Thu-,
stress-rolieving trc.tments for susceptible stools must be chosen with full
"considoration of the tempor brittleaesn trrnnforr.rtion.

Re-ioval of Hydrog,-en

That the presoncc of !ydr1'gcn dissolved in the steol nra- lower it!-
ductility has already been mentioned. Such hydrogen may be substantially re-
moved by tempering troatmients. The hif;her the temperature (below that at
which nustenite forms) and. the longer the timcs, the granter the -amount re-
moved. The tines for removal have boon reported(171) to be of the order of
15 minutes at 13000 F. (7000 0.), 3 hours a.t 7500 7* (4oo0 C.), nnd 24 heurs
at 2000 F. (1000 C.), for 1/2 inch round bnres. Thus, the time noccssary to
remove P. given rnount of hydrogen vwrios less witk tompornture thrn does thu
time to produce P. given hnrdncss (or oven the tlre to produce r. given mnount

*The tine required increases with the thickness, rad probnbly vnaric
directly '•s the squnrc of the thickness.
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of temper brittleness precipitate). If the tempering treatment selected on
the basis of hardness and temper brittleness is insufficient for adequate
removal of hydrogen and hydrogen embrittloment is a problem, an additional
low-tompoerature, long-time troatmont may bo used. It should be romemborod
that removing tho hydrogen will not remove flakes that may have boon caused
by it.

I
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TABL VI

E STLU4TM) IF CT OF ALL0YI1TG A.-MYTS TJPO:iT

CH4-RAQTMISTIC HAD17ESS OF T:Z.:P TIRT=,TSITS*

Rockwell C Increase~ Per ýý of Z2.ement
'To Seceondaxr Pull Secondar~y

E.le ~ Haxdening Rardening

si 4~ 14

Cr 1-1/2 5

1ITi 131

2-1/2 20

v 0 50

(;0** 1/2 1/2

*Zstimated from data of Bain(299) (except cobalt).
4*3stirnated from data of Loria(301).
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IL IMSIGN PROCEDU

Using the knowlodge of physical prlnciplos and the oerinuerin;
principloe tand dpta presented in the oarlior chapters, it is possiblu to
develop n design prooedure for obtaining the optimum mechanical properties
in stool parts with ninimvm, d-ifficulty. As now eand better information is
doveloped, the exact heat treatments and compositions that %ill be designod
rmiy chango, but the design procedure should not be nItored radically. Even
at the present time, the informaticn nvailr.blo permits the design of heat-
treatnent and composition combinations an a rational basis, The first
principle of such dcsi•m is that opti.mun nochnnical properties are obtained
with stools hiving a tonpercd martonsitic stnucturo. The second principle
is that all temperod riartensitic stools have very nearly the s-eo mechanicnl
properties at a given htrdness, provided their carbon contents a.re the sameo.
A third, subsidiary principle, pcrhaps loss generally applicable than the
cthcrs, is thait, in tomrpored rnvrtonsitic stoola of the snmo hard(noss, the
ductility mnd. toughness are greater the lower the cn.tbon content. It is,
therefore, generally only necessary for the mochnnical designer to specif;r

4 the shape ane the hbardnoss (or yield strength or tensile strength). The
other nochanicnl properties are then approxinntely fixed, Th"s, the metnl-
lurgica.l dosignor's problem is to obtain in the part a temperod rnortonsitic
structure of the desired ha-rd-ncss, with the lowest practical carbon content
an•.d without introducing mctallurgical defects (such as temper brittleness,
unf•voraoblo internal stresses, etc.).

Boforo considering the dosign procedure further, it mny be well to
consider rtgain the rdvisibility of obtaýining -L temporod mnrtonsitic struc-
ture. Such a structure does have optiniin mechanical properties. However,
if the stool is sufficiently soft, the separation between the flow Rnd frac-
ture curves for non-nmrtonsitic stools r.may be sufficiently groat thn.t their
inferiority to tempered ma-rtensitic steels is not apparent under the condi-
tions of service. Also, at high toe.:cring tompoeratures and long tompering
tince, the structures of te- orod bainito and even of toEperod petarlite
approach that of te:poerod martonsite. If the strength rocmirod is low and
high tempering tor.Voratures cnn be used, it mny not bc ncossa.ry to obtain
toempered nortoxnsito unless the service conditions are very severe. If,
however, high strength is required and if torporiiig temperatures must be lo'i
tcmporod martensito will be necessary unless thc service conditions are vory
mi ld.

It should rlso be noted that whilu tompeored martonsito may be
needed it nrq not bo noodod throughout the section, Fracture generally
begins in the surfcos of stool ports Pad it is the structure of the sur-
face that is most importAnt. itoroovor, in paorts hardoned near the surface
only, the stress introducoc. noar the surfrco by quvenching tend to be -.more
compressivo, nrd hence noru favorAblo, thaz in parts hpardonod throughout.
It must be pointed nut, however, that as the hardcnability decreases the
percentage of the cross section of the p-%rt that Will be fully martonsitic
decreases rapidly, Thus, slight vwriations in hoet troeting practice or
in hP.rdoiiability n-q ra-dically change tho omount of non-nartensitic eroduct.
fon.ied and Pitor vastly the rosalting propertios, Generally, therefore,
unless A very ca.reful control of the hMrdonability and heat-troetnent of
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the steol is to be maintained, it is necessary to obtain a homogeneous
structure. (In the sane wny, while small percentages of poarlitQ and consid-3• L orably ls.rgor porconto.ges of bainito may be tolorablo in stools Qf modorato

• • w strength, tampered at nodorate temperatures, and subjectoed to modorate serv-
ice, it is very difficult to control satisf,.ctorily the porcentr~os of non-
om'..rtonsitic constituents.) Structures consisting of a surfrco layer of m,.r-
tonsito on a non-martonsitic core can be satisfactorily controlled through
the use of surfaco-hnrdoning procedures such as caso-hardoning (warburizing),
fl.-no-hardening, .and induction haordoning. While those procedures -%ro sat-
isfp.ctor•r for nany parts, they produce only n shallow lryor of -.1prtonsito.

If design is to be based upon a stnrcturo that is not ossontially
toa"pored .rrtensito, the physicl. and met:llurgicnl principles outlined above

nnd certain elements of the design procedure described below r. qr Still be
utilized. However, the procedure used will necessarily diffcr in cortp.in
respects from that for toerporod .mcrtonsito.

It was pointed out in the Introduction tha.t dosign of . teorperod-
mvrtonsitic panrt involvcs design of shape -,.nd properties (hatrdnoss), desi&M
of hea.t tro.-Atont, and design of composition, It was also pointoe out that
ench of those parts of the dosign problen is closely related to the othcr
two, and that no ona pa.rt can be considered coLiploto until the other two
parts aro complete.

Design of shrnpe and properties (hardnoss) is ordixrily the prino
rosponsibility of the mechanical designer. Hovrovor, cooperation between the
motjliurgical and the mochanical designers is needed in the design of shapc
and properties. For oxvamplo, avoidnanco of qucnch-crac'ing must be bornem in
r'.ind when the shape of the part is detoe.rinod. In some cRsos, the harden-
ability roeuirod to obtain martcnsite in a heao, section mVy introduce such
difficulties that it vould. be advant-.goous to mntk.e the pa~rt of two or eore
lighter sections. The nnximin strength practical is genura•lly linitcd by
the low ductility and resistance to brittle fnilure of high-strength stools.

Design of hcat-troatment and composition is the responsibility of
the iotallurgicjl dcsi6nor. While sovernl reviews of the factors involved
in designing hoet-troeatmont znd copposition.r hr.vo appoared(135, •O5-30T), littlc
has buon published concerning the sequence of design operations used to
n rrivo att a, s.tisfP.ctor-y m.otallurgical dosign(279, 30"-•09), There a soveral
logicnl sequences; the one suggested below soons the eost feasible for
dosiniring a toeporod nartonsitic part ihon the netallurgicP1 designer has
hr-d little experience with that particular part. This sequence consists of
the following steps:

tep 1: Dotor.ination of the gcnor,.l features of the quenching pro-
cedure to bc; used a;d the dinensions of the section that will
cool rost slow.7ly.

S 2: Esti.-.ation of the htardonability required to ha-rden this sec-
tion with this quenching procedure.

St•_-: Chock of the ostinato of roAirod hardenability.
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Stop 4: Solootion of tho oarbon lovel ancl typo of stool to bo ugo4d,
Ist1.mrtion of the level of alloyin~g elements needeod to pro-
vido the nocosuary hrard~onabilityo

Stop 5: istination of tho motonitizing procedure nad the termporing
procedure.

StoR 6: Ohoclc of theoestinnted mustonitizing procedure, hrardennbility,
nnd porhp~ps touporinZ procoduro for a series of stools sLmilarr
to the ono seloctod in Stop 4.

Stop 7: HManuf-cturo of several pa-rts from the stool that appears most
suita~ble by tho proceduros that nppoar nost suita~ble. Miock
for hardonina, quonch-crackina, torpor brittleness, -ind. pro-
portion.

Stop 81 Rorndjustnont of the design,

8tp2: Rorvico toost of parts.

StOp 1: Establishnont of inspection nnd process control procedures.

Prequontly, it is necessary, as the desiGn proceeds, to stop and
ropea~t previous stops before continuing, In fnct, because tho dosign of tho
heat treatment and tho &eosig% of tho conposition '.rc so intcrd~cpondent, the
choice of the final combination is nrctunlly a result of -% series of suxcccs-
eivo apprnximat ions.

Stop 1: gaonchipg,

This part of the procodure c=nsists of clesicning the quonching' pro-'
cess and dotozrminih1L, of the di noidone of the soction that will cool nont
slowly. ThQ quenchin(- procoe'uro catnnot be definitely chosen until the com.'po-
sition is known ,W. socmo sn,.iplc pnrts hnvc boon hoat-troratod, It is closir,
mablo, however, to uso tho nost severe quanchinG practice tha~t does not intro'-
cluco serious proceosint-, difficulties. Wator (or othor rqueous modiium) is,
thoroforo, Conornally the preliiminary chricu for r. icunching4 med~ium. To
quench nmy bo intorruptod, Celeyevd, or stepped to reduce tho tendoeny to~ward
quonch-dcrrackinC,* Those -..c,,if icat ions geonerally need. not be consilered in
the prolLininary Odsi,-r. of the quonchin;.- procoeduro,

Por uniforti quonehinc;, it iv,'usually de~sirable to :iovo cither the
pvtrt or the riodiun, The method of applyinCG the riedium has a arinked effect
upon thc severity of quench; the Crreater the speed1 of the riodium, the nore
rap~id and uniforn will be the quench. Thus, if the oqixiprmont is nvailrable,
s-pray or pressure quenching is ndvantngeous. 3xtrcnicly rao)ic quenches are
possible with parts of sirrplc shmpe, such as cylinders and pla-tes. Paet og-
perienco or a considecration of the stress concentrations present in the part
nny~ indicate that sprayr or pressure quenchin[c Is not feasible, but those
practicos often pernit the quenchin,- of recesses otherwise cliffiault to ocool
entiefictori~ly,
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After ri, tentative quencohing proced1 ure ha~s boon cosens tho posi-.
tim' in the part that will cool nost slowily can be estinatoci The dUiaensione

~ of tho section that will cool noet slowly nre fixed -:rinnrily by the cliv~a-.
sions of the finishod pr.rt nnd. tho nilowmano for machinina or t-rirvýing Paf-
ter heat-trontriont, Tho most slovtly cooled sr~ction wiJll usually be tho
thickoet section, but cooling, fron the odces or ends miast be considered.
Since docreasint- the thickness of the most slov'ily cooled section d.creacse
the hardonnbility thnt Is necessary, it is PAevntAmgoous to porforn as m.,uch
as Ipossible of tho rou-,h-nnchining, of this soction before quenchingc.. Now
ever, threadts -anc sharpr fillots nr'y well bo n.achinoe, aftor hea-t-treatrient
to avcid crackin,:- during the treatment. Of course, tho ltrdncess bofore and.
after the he.at-treatrient" will nffect the praoticality of ma-chiniag in ench
condition,

Step 2: EstimLatioa of ReqLired Hrnd~oxtbility

As the hrardennbility of steol is Geonerally expressed in termns of
ideal1 round. size or Joniny distance, the Joniny distance or ideal round size
having coolinC, conditions equiv-lent to those of the most clowly cooled seec-
tiens should be estimanted. The chrarts and infornation for this estirmation
are irncluded in Chapter V. As indicatod in tvAt chapter, the conversions re-
corricndod are approxiriate only.

Both the peairlitic naid the bainitic hPardonability required should
be esti~mted. If direct or interrupted quenchin.G is to be usedl, the quench-
inG severities, and hence the required hardonability, any usunlly 'be consid-
ered the s, ie for both pearlito anubinit ro(s f eae or stepped
quenching is planned, then the estimate of poirlitic hardenability Ghould be
based upon the severity Aof the Taodiunr to be used for quenchine through the
poarlito ranCge, and the estima-te of the bainitic htwdonaLbility upon the scv~-
enity of the r.'odiui~ to be usedl for quenching, throughn the b-Ainito ranGe,

stop 3:Check of Estiriate of Roquirod Harclom-biJty

For prociso results, It is desirable to chock the estimate of the
required hnrdennbility*. The suetgostocl. method! is to make~c t% s-1.-plo of the
part from a. steel that will harden ofily partialIly, me. qiench the part usin-:
the procedure undeor study. The quenched part is then sectionedl in the ns-
queonched, condlition at the -.ost sloiwly cooled' position, annd hardness test or
microscopic exxAination nadeo on this cr0ss section., The results can; be thox4
Conpared with the results of -a satdarc'. linrtonability test perfornoed in the
sane heat of stool. The method is most sensitive if the san.ple pa-rt is made
of n steel that will qontaiUn ton to fifty per cent -.arntonsito at the -)Out
slowly cooled position. (The steel to be used for the szn--lo can be selected
by the methods o'atlinod in, Stop 4i.)

The sm.aplo prart, mnachined! to the rlimnosions in which the prcoduction

4It Is possible to omit; either Step 2 or Stop 3 from the sequence, but
not both.
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Arts are' to be heat-treated, 4ho~ld. be r~stenttized anfl thon diroeot-.quImnhod*.
To obtaidn thoenomo sovority of quouch as Is to be used for produotion part$,
tho stme quenching tanks, pumps, rnd fi.tturoo should be omp).oyod. Aftor
quenching, tho p.,rt should be sontionod. to expooe the area. whcro the slowest
cooling wasn oxpootod. If thore io tiny doubt as to the locatliar of' tho moot
olowly cooled trroa, sufficient ooctions should te t A=o to c'xpono V.11 tho
possibil.ities. It is necessary to section the pa-rt iin tho as-queonched. condi-
tion, aince, after toniporing it is difficult to dotormino the oxnaet degrve
,of hardoning by Qithor haýrdness or microsco-pia tosts (rat lea-st w~hen brAnito
is present). Tho sectioning, cain perhaps beat be enrried out with an ribrvafV6
cutoff whccl, using a, largo qunntity of coolants It cran also be done by
nicking thc piece, brooking It, and weot-grinding thc fractured surface. An-
other method is to fl-Lno-out, the pieco aid then grind off enough ma~terial to
removo tho hoeated zone, The stool to be examined must, In mW~ caise, be kept
cold throughout the wrhole procoss.

Aftor proper proparation the surface c-tn be tototd for h!%rdncss or
e:caminiod microscopically, Harnoss toots are, of course, the simpler to per-
form. To facilitate cornparison with Jomirqr readings, the Rockwroll 0 scale
can be used advanitageously, Sufficient readings should be tzaken, to Insure
an caccurate dotormintition of the Nzrd-noss of the s(-ft'Voot portion of the
piece. Similarly, wihca the microscope is used, the per cent of rvirtonsito
at the portion contaiUning the smallest per cent should be deterni~nod.

The hardness or structure found in tho part niust then be com~pared
with that of the haýrdonribility~ toot 'ba-r. The Jnmiiny toot or, for steels too
a hall ov-hardc nod for accurate Jrm:iAny testing, onc of the ether harcloncability
tests standarLdizod by the Society of Auto:,etlvo Engineers mnd the Avr,'ercar.
Society for Testing Ma~terials, is rocoi mended (Oh!%ptor 71). The stool used
for the h-t.rdcnability test shoiqd be of the sname heat ais that used in the
sample pa~rt. Tho stool of the test bar shruldl bo given the sane proli.Ainnr;
hea~t-treatment (arnrmiizng, 7mniorling, etc. ) as the s-ýqplo pa~rt an.-d ruuton-
itizod at the saxe temparature f(or the sofno tino**. T11e test ba-r nohe.Lld tien
be quonched in the ztt-andarO mtinnor, and the vard"ne-.s or .icroscopic survey
rr'.de. The nethod! (miecrocepic or hrardnaio) Bh-iUld be tho Sare or- th~o test
batr ris on the sr-mnieo pamrt. By cormpa-rison, the pcoition, on the test ba~r (the
hardeno~bility) equivaleont to that ait the least-hardonod. portion of the samrple
part is locAted.

*It is not possible to reproduce in a Cdirectly-quenchedl ha~rftencbility test
bar the conditions wind structures obtained by dela'yed, stepped, or inter-
ruptod quonchos. Thcrofnroi, Stop 3 is nort directly atppllcr~bie whea ouch
quocnchos tire used.. Mod~ificaitions nocoassa,rj to cover more cemplo:: quenaches
ca,,n be lotor-Anod by nvlciniZ pilot parts of stools -oclif ied f rom the d~irect-
h:%rfoning compouition in acecordanceo %ith the principles of Ohrvptor VII rend
tooting then ats outlined in Stop 6,

"~This noans that the twoaty-m.inu~to austonitizing time proscribed! in the
sttond.-rd Joniny prcocedure shnulc'. 'jo Oisror;ardef. 1Moreover, If long; rms-
tonitizing timeos -,rc used', soocial precoutinns nvor bc need~ed tr '.vt'id
the offocts of surfa~ce actcrburizratinn or caýrburization, Thus, Joniny
bnrs noy have to be Cround! .050 inch aeep or noro, instoacl of the stand.-

IV -xd .015 Inch,,
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Vic nir-ooolod oand of tho Joniny toot 'b-r Is nyp~roxin!%boly oquivn-
!oat to the center of a 3-1/2-inch plr~to or 1% 5-1/2-inch rouud cronchocl in
otill wator, -mc'. to rt 2-inchI platc. or ý% 3-1/2-Ainch rounc in still oil. Whon
1-ýri-or sections arer of i:atorost,. thoi atminl.-rd Joi:.Ain tout cai-.nt be usccl.
gtrmd:%rct h lxcloriability taste for cleeper li-a-clonina stocla hr~vo not yct boon
2clcptect, but no stF'%toc in Ohaptor VZ, amor havo tocr. recently suayoatoft.
When t ho sect ion is thick~ (any ever ý pl'-to or 5" r'ound). It mny be o.~.vis-
,-5bo tn oriit $topse 3 anný 6 nnd try P. aorios of Gtools (eclocteo'. by Stop )4)
ir, Stop) 7.

Stop 44 Selection of Oo.:;.josition

Sirnce cmebon clocraonso the tcuUhness, of the itocJ. ,ncl hase such
trononclous offoct upon tho tenclency townrc' quonch-crackina and~ the retention
of nuztenito, tho c7nrebon cciitoat zhouiad be ko-pt nv; low as poasible. Teo o.Ic-
net linit of i~rbn is '.tornminod. by tho r,;:ount nocossarxy to prod~uce the ro-
quireot strcnt-,th with tho nocooasary t07.1cring~ tronAtnent, Vroqucntly, n nini-~
mL.2 to.-porine to er'.Pvtur ise nooomnry to liorrt cmtross-roliovin(; rftor vic~d-
11n:, or cola f-tbricntion or tc ,%vicft to.-ror brittloenoss*. Futhor,-cro, it ie
ofton consic1creo.I nocessary to tci,,yer -&b-vo nbout I-)00" 1. (475"~ M, to rolicvo
the quernching etrossos and to straiChto, 'the srosea-train curvo. After the
li;-itat ions to the to.-rorini.- temperntures have~ ltoon ost-b.ishocl, the:inr2
caLrbon con~tont shoiil~.' beo clanscn thnat will, ;:ivc tho COOsiroc'. stronjýth With
tho ninr.ivai possiblo torrperino to:t~ortaturo. The crirbo~n contoat necessnry
tor lrcuco tho c0.sirocl stron-4-th with this to'ipcrnturo -n be Q -tiiste-t by

tho nethodts of Chnpter VIII. Fortuna~tely, the alloy nAcitions aocessoary for
hardronnbility homo, cnr..ayrod to the careb,-n cý,ntont, relattively littlo cffcct
u~rn. -tho hzrx.ctnose of tho tempered stool, xmloss tho additionr' are lnri-o.

After tho cnrbr~n contoit hais boon selectsd, Ullley contorts th1at
wil. Iprcvido -tho roquirod. Ivrclcnabilitioa me~at be chosen. N~othofti; for os--
t~izitine the ponrlitic and bin~idtic hrvrdtenrrbllit ios -.rovic'.ed by a stool
composition wore CUscuqsod in Chaptor '71 Thore arc, of course, _an inifi.-
nito nunbor of combinations of nlloyint, oloronts that will ;,ilvo tho harden-
abilities necessary. Other considerntloas linit the chioice, Li..Atations
or roquirornonts of rcfininG, crastinj3, or for.:.iinj-; praicticos r'ftozn aXffct tha
lovel of sore of tho aIlloyin(;' olornents. P'or eoxn.~plc. it : r'z ,it be prac.-
ticnj. to rioko hi,7,-chromiiin stools in nocid-lined IN.unicos. 4- nt mc not beo
prticticnl to roll hi,-h-silic on stools. Sane elemeonto rnz luvo 0:eii
otf cots upon the steal. Th-as. the proesorco of sulfur rind phowphor~us Is
I 1.,onorally believedl to Ian= O.ctrimeintn.1 effects upon tho tou.Chn-oss, nxt
those olorionts -are, therefore, ordin 2rily kept ars low as p~ossible. Silicon
contents ovor .50 per cent hrve rlso boocn rep,,orted to lower the tou,,hmoss,
att least in cast stools. Ntolfbdcntur (up to tit least .4+0 per cent) di.ecrorcoso
the spood with which to;;,-,er--brittleriose xppoa.-rs. Very hiCgh jperccnt.-%o of

aTh euscep)tib)ility to tanne~r 1b.rittlenoss cmanot 'be cotimatoc! until th-o
vmalysis is choson, buat scriu idear, tit lonat for stcola conttaining ,30-.40O
per cent cArbon, cr-i ")c obt',nod frorm- the hartronability rocpreird (Fiý-
uro 134+).



carbide-forming elements are likely to result in formation of carbides that
will dissolve in a reafionable time only at very high aueteni.tizing temper-

S aturos, if at all. Price considerations naturally onteor rroquently, ýt Is
very desirablo to minimize the tond~oncy toward q~uonch-cracking. In suqtx
cnsoq tho method o±f choosing the alloying elemonts described in OhaptoO* Ii
is likely to prove asoful. Special addition agents (boron, zirconium, tita-
ni~um, vtanadium) are not considered in thant method. They mny be used if
their offocts are understood ind are believed to bo controllptblo. A sumn!~ry
of the relative offccts of the difforent alloying elemento upon the vzaridus
factors influoncing dosign is givon lie Table VIIIt

The choice of the so-call~ed tldeooxidation practice't dopond~s on tho
method of stcol-mc-ktng. Howovcr, if large percentages of &'rbido-forrming
eloments ,ro to bo usedl, nlunzinum additions are usually nocessary to praocnt
cxoossive grnin growth nt the high tompora'turos that r,.mstv be used. for r~uston-
Itizi~ng.

If the pa.rt is to be caist, thero is gonerall.y little difficulty in
obtaiining stOols of the desired composition. Purt~hormore, if a large ton-
naqgo of prarts is to be nande from rolled or forged. stock, it is possible to
Olor er pccinJ heats made to the desired chemistry anid hrardena-bilit:'. Jor
sriall1 tonnngos of pa-rts, it rxV~ be noceosarry to use readily avai~lable con-
nercial stools. These steols goncrally havo not boorn dosigod, on mctal-
lurgicnl principles but rather have boon chosen on the basis of production
facility and oxpcriencoq The general de Agn prineiplos, menr, hoviovor, be
applled to the choice of ai comnercirel steel. In Table V the peaýrlitic and
bainitic hardona~bilities (ideal. round) for the averaige com-position-s o f SAE
Pad. IM stools a-re listed. That cor.,position which is best suited cr. 13e
chosen. Except at high catrbon. contents, no stools suita~ble for hoar~v soc-
tions arc included. It should be remembered that the ha-rdenability of'
co-norcij. stools varies vfidoly within the corrimorcian. conposi~tiori rangeos,
atnd this vari'.tion should be taken into account in c'hcosin24 the stool.

St225s Nstninionof Jwustonitizing anld Toi-.iarmn Procedures

M'tor the final cstiriate of composition hvs boon ntade, tho temipor-
4ing-trcaitmont ria)y be cstinmatod -anew and, if it is possible, the cnrban con-

tent nhould be redu~ced -.nd the ana-lysis readjusted. The pz'opcr ba-l-tncc
betweeon temperin'--treati.e.nt and conposition should be approached by a series
of successive npproxiriations, alvrnys ntaintnining; the necassary pcarli.tic
aýnd b!%initic harxdonabil'itiosd

An estima-te of the s'-±scoptibility of the steel to tunpor--brittlo-
ness rhould be ria~.o from the da~ta of Ch.rptcr VIII (or on past o;'cperionco),
nnd the compositions adjusted, If noeessarynr to -niniizo toriper-brittloncss,
For susceptible stools it is desirable to quench from. the toeporinr; temper-
Ature and to tem-per nlbovo 11000 Ir. (6000 0.), Adjustments may be nocessnzy
to nttaiin the desired strongrh with this tempering tem'perature. A reduction
of tho. tempering tine a be in order.4

An esti).ate should be maide as to) vwhthor the te~ipcring tempera-
hturo will exceed the loweor oudryof the equilibriux.- A1 rancge. As inodi-

cated in Chaýpter 1, nanganoso and perhaps nickel, for ozom-plo, lower the
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Al rango, while nolybc'.onunr and probably chromium raiso it. With stools
P rodcratoly high in i -,nanoso ai ,nd nickol, lowcr criticnal tor'rpcra-turcs belowI 12ooO r', (6500 0.) arc not uncoonon Adjustrients mn~y have to bo riaco to

-.void ton-oerine in or aýbove tho A, rango, a.nd the z'osultia(: likelihcood of
nu.stonito fornation on to.--cring.

13ocrauso of the inferior fracture stren&'ths produced by tonpcrin'3
trcratr~nts oqui~v-Iicat to 1 hour at 4.50.6500 F. (2500-3500 0.), a-Lch trea-t-
r'ents are also to be Pavoicdoc.

The rustonitizinC, ternpornturo necessary to obtain soluticn of the
caýrbiaos shoruld' be coti;-i-te. (:r. the basis of the chosen anailysis. The proper
2U=tenitizinf3 to-ipcr-ituro is dotarminod. not only by the oquilibriun ic~ ~
but alIso by the ti:ac required. for solution micl ho;ý-otoniJzrtionl. If a- short
rauotor.itizin(;, tirio is seloctod, tho tor'pcraturo :iuast bo hiC~hcr thai'. if aý
lonC,; ti~nc o rro to be used.; however, sliý;ht i:.creascs in to.-Ioraturc will com-
poensate for la)re,~ Oecreases In time. The aýustonitizint- tine. is usually -1
rnattcr of opcratin,7 c-nveni-once for the production pnrts'- fro~n a theoreticatl
point of view, it need bo only ].on,7 onouch tc in--sure reproducibility in the
troatriont of succassivre pieces. The tine the stool. is at ten-,perature, rather
than the total time ini the furnace, is the irijortraxit factor& In gcnorl, tho
hig~hcr the alloy content, -onxticularly the content of car!bide-fo-,Ai-in eleneonbt:
tho hi,,-hcr the iustenitizin,-. teriperature will have to beo.

It n~yalsobo advisable at this point to rinok a rr'uc~h ostina.'to-
-f the -nartczsite toni~praturo rnmrv,,. An~ ostina,-tc ca-n be -nado fron composi-
tion. on the b-.sin of Table I or Ta-ýIc VI. This will -;ivo an- indicaýtion of
the toe.-orptiuro, to which thei stool rmust be cooled to tra ,.sfo.)r the nustonitc
to :-,rt Clioito, and~ of the likelihood of 7%ustenite retention if t'ho, steal is
conole nnly, to smom higheor tem'Perature.

So 6: Chock of the Austonitizin-; annO. Tlc:-crin,ý Procedures and Ha1nrden-

It is usua~lly l.esirablc to check the ostin-tc of the composition
th-tt will -,ivoj the roquixred h-arde-.ntbility -,id of the aumstcnitizinC, caid te-i-
porlinC -_roconluros to beo used with it. It is advisa~ble to test a. series of
stools, sinril!.'r to thart tentratively selected, varyin,: in ha~rdenability by
:',.ore, tha-n the pro'orllo eorrors in the hr~rdoennbility esti7-ates - S-y varying
%y at loast 25 per cent (in tornis of ideal rouaOd). This variation caýn por-

hasbest )e nobtainoed by )rop-%rinc; hea~ts dlifforin.- systornt ic illy in one or
tiwo elements.

Before !ctcriinini., the harderý.o4bility of the selected. steels, it
is nceossaýry tr matke a finall selecticn of the nustonitizin.;" cycle, which

easchn-sin,-; the preliminary heat-trea~tmen"t, 'Vho r~ustonitizzinC ti.-,, aind
the riustenitiz in,-; temrperature. Tho ,prclininary heAt-treatriont is ,;onor-Llly

;ivonto fcilitate ma~nn.~an3, in sono ca~ses, col,! frmiaii or straih-A--
oinin;-. This treatmenot canz usuallyv lbe de.f ilitecly establishod at th'is p~oint.

Tlhe selecticon of' the -ýustonitizin-,: tempera.ture can, be chocked. byr
~rliinrytests. One methrd consists of (vtonchintG mm1rdl pieces of the
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steels under consideration from a series of temperatures, using the selected
prolhiminery treatm-onts and auztenitizing times, and exam~ining thom micro-.
scopically for undissolved carbides or forritc. The austenitizing tMpcrr-
aturc can then bo tekcn as that at which the cn.rbides Ind foririto didan~pper
plus pcrhraps 500 F'. (300 0.) for safoty. .Austonitic grAin sizo cran bo
chocked at thc samo time, by either fracture or m~icroscopic mothods, ri-nc-
grnainod stools arc goncrrcLly desired bcocause they are considered to have
greater toughness. With proper nluninum dooxidation, stools will ord~nnrily
rcnai~n fino-,graincd at the toriporature noodod for conploto nustonitizing.
Instead, of prolinin.ary tests on small saniplcs, several hnrdennbility test
b-trs c.-n bc used for each stool and ntustonitized ,,t aý series of te~napcrn
turos (nftor the choson prol~rininay treatmont and for the chosen a.,ustxt-q
itiziag time). After quienching, the bars can either be ox,-inod for c:%rbide
solution or for hnrdonability. In tho lntter casc, hardenability is -plottcd
aýs aý function of temporaýturo and tho teamporature at which hnardcn-bility
coatsos to incronaso shcLply is, Pftcr aýddlng perhap 0 F (30 0. for S fet
t-,Icon r',s the austonitizing tor-aporaturo. If this nocthod is used and poarl-

itc aronbiit irit to areitg care should be t.ýcon to excludo the,
effect of possible ch,,ngcs in austcnitic grain size upon the pcarlitic ha,'rd-
enrabilit,-r. This effect can be cpj~culaitcd by tLhe use of Table 17.

To chock the osti:-irto of the comaposition that will -ive the re-
quired hrardonaýbility, an hardenability test should be riado oj% eac-h of the
selected stools.. The ty-po of test used in'StOP 3 shouldJ be used here also.
If Stop 3 w-as omaitted, rzy hrrdonnability teot whose correlation with the
shaýpe and quenching procedure is well known, mL- be used.. (Howcver, if Step
3 was oraittod boctaiso of thickness of section or for other rca~sons, it Litny
be well to P.lso oenit ha~rdonability testingý fror. the present step and teost
the series of steels by n~r~ing snmplo parts fro::. all of then in Stop 7,)

The stccls should be Given the selected proliminary trovtraont
and L-ýtdcnf bility test b.-rs tl ein prepareod, rgivon the selected nustenitizincg
treatment, n-nd cluonchocl in the nanno,-r stanndarcl for the test. The extont of
hardeningC mtr then be dotcrr-tinec by one of the methods discussed in Chapter
VI. Tho noctallo.-raphic mot-hod is :.,ost reliable andc is the only one that in-
e-icrates whether pearlito or bainite forraation linits the harOdonability, On-
the basis of the hnrdenaibility results, the coraposition that tvppears raost
suit:%ble c:an be selected for future work, or several corr~esitions can. be
selected for further considermticn.r

The behavior of the selected, steel or steels cluring tempering7 canx
.well be chocked *a.t this point. The ha~rdness canr readily be dotornincel at
several tempering tem-nperatures, The effect 'of tine' c.-n t-hen be eva-luated.
by. the use of Fi.-ros 125 or 126. Thi-ough% use of the prin-ciples Civen in
Cha-pter VIII, conisiderable iz-fornation --s to the temperability can be ob-
*t ai nod with litt icoxp cririe~intal work.4

If it is expected that temper-brittleness ray 1be encountered in
the pa-rt, appro-priate checks neyI be nadel. Such checks -arc ordinarily crarriedL
out by nnlJring, com-parative notched-ba,--r tests uprn aspecim~ons tha,-t wcould~bo ox-
poect to cliffor in the e;iount of temper-brittleness precipitate present.'ý
Tho notch11ed-"bar tests are of va~lueonl if nade at a, toraimeraturo wi-thin or
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below tha-t att vniich the m'ost ombrittloet specirions tend to fracture 'Drittlely
(Chnptor TV).

UIf the trntativo, tcrr~criniý to--iporrtture is not nuMch 'bo the nose
of the t(-o~or brittleness C-curve (which is 11onut 975' 1% (525'- 0ý), thc
rnotchced-ba-,r 1nrnn'crtiog obt!Ained with thc seloctedl trea-tncnt ri- 'jc c-r-.Paroc!
with thoso ootaýinedl on s~pocirnons tor-roro(I to the soomo hnrý.noss, ri~

h'hrtor raoit'ro amCd % shorter tir.zo. (Theo latter s ocirAuns shoulft be smnal
Pzn. shoulOd be nounchcd fron, thc tertporin,- toenpor-,turc.) If r. c'.ifforenco is
foun-LO at the proper tcitin.ý ton,-per,-,turo, tho selected. tc:. pnriný-, tretter'.ot
eabrittlus tho ntool, If the aboev -)roooduir is not prvactic,-l or if thQ
selectoeL to:-n ring; tornpora-turo is crnneiderablJY bv the nose of thc C-curve,
rtll that is wIorth aoin,.7 in this sltep is to Cietcmtino vihothor the sotol. is
ausceptible to tc:,.per-brittlonosE. This can bo clone by to.--perinC wni vcc-
inons r,.bovo 1100oo- F. (600' c.) m;--f qucnchini- frcon the to;a*porinr: tc.-:cýra-ture.
The notchedl-bar resul.ts on these spoeiraonJýS rojZ '.)C ce~;-yrodl tith those om
simil-.r spocL~mons icna sulbsequet tr-Atment tihat wouldý cueeibite
r.nt, i~n a susco:')tible steel. Coigficri" the teprn;tor.,coraturo -,t a
slow r-ate, such as 113" F'. (112' C.) pcr minutc, or -o.cir tatcpr-

tur ofabot ~OeF. 450 0. fo a:.io ornto iesuch as 5 hnurs, is
suitable.

If i t rtp'.)cears that tzoreitnosIs likoly to ')e troub)le-
s o~io, suitab ic aCdJlstncnt s in ton.pe rir,, troatnenot rain in co,--.tio 3hould
be rinde. Yhis in:- the molybdencux.i contenlt dccreases the rate at which oribrit-
tlonioat occurs, RaisinC, the toL,-rorilC, to.:.rp:or.ature, upý to 1100o F'. (600' M.,
by shorteninig the tomnporinf;tro or t' e resistvnce to to:,-,.erin,- iy hfw
toccr'ase Icotheft lieioodý-cin- ind clontL of sat o~pr-byrittLoness Thios ny ln

.iliiesof uiý,1
nay be coCqwlished by raisin{,; theo carbe)n co-ntent or yteiroutn
rf, particula-rly, carbido-for.--iC, alloy inL-, elements (Tncblo V11). The-ý in-
croaso in nerbon content also cdecrnasoo the -o:Iount Of alloy nceooesrcr; for
hrrrlonnbility rm2. so )omnits a dccrease in suscc-tibility to, tempe:ýr--brittle-
ne CS'S The i,.p-rovenont with recný,rrl to to-.:jpcr--brittlo~ncss mu:,.t be b',)lo,ýncoed
naý7aiast the disae%.vanita-t-os of hit-hor carb'on er Plloy content. If t:~
-rittleness is to he, AAi-izec! -.,t i tezo,...rin,7 tO,.xjerpaturc r-b`ovo the ncos e f
thei embrittlo:.-ýnt Cý-curvo (a-~pro.-:ir.'a~toly 975 r F., 5250) C.), coolin,-; frr.-,.
the temp C orint-, temon- rati~ro shoult be,, as rry-il ns 'osbo

Sto;? 7 C heck of the selected. 0om-,esiton onc. o2.t Trea~t;.ent Cniot

One o~r ,-,ro s.,,::clc pa~rts shc'l,J. belac' fr-ri the solcotoc' steel -~r
stools, a-fter the selectcc! -2rel inairv trea-tr'.en~ts. Those'G pa-rt-s s'oul:! 7,e
-,mroescCSd"' throu,-h the hnr-loninm; o.peration in thceway p)roposoft for the~o-
ch-ictinn pa)-rts. The sample parts shoruld- '.) cheokod for quench-cracIAin-- aind
undue distortion# M-,-,nctic -)ovr'er testo or ntther tcste -,,'y be0 r.-eccssazrj
to .icvrthe quench-crarc'ks.

The -'t shoulcl then becxcie , to ~c if thecy have hoer!. fully
h~trclcnoc1, Thcom are several ways of igthii, O-ne iethodý is tc section
the :,)ico in the quenchte, eonýition -n ctcor.A:nce tho hrxcbmonr or, pýrefer-

~.-'bly, the nicrostructuro in the i'ost slowly croold portion. AneI(thcr meItlhocl
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is to teoipor the pnrt to a hardnoss of fron 260 to 350 Brinell (profornbly
260 to 300) andE then notch the -,a!rt and fracture it throug-h the criticaL
Prea. A ilfib)rr-uo fracture is indlic-.tive of ossontially cory-,lcot h-.rCcnini.;.
OCryst.-llinitytI in thc fracture m-r~v show incoiripletc h,.r~.oningr. Also, raftcr
tcn-perin,- to this hnrdness, rcoults of tonsilo -tnd notchedl-bar toots
t-Iken fror.i the critic'J. areas and fron :)ortions of the )p-rt knox-n to bo
fully hpxrdcncd i-.n be co:rpa,-rcft. The rnotchedl-bir enorCgi-s %1ty 100 bc COTI"
pared with the vnlues shown in Figures 75 to 77- I:lco;-ploto h'rx'.eninr (-AAc
Pthcr noetallur. , ical Odefects*) are indlicated by "lcrystralli:ity" In the fracture
tosts, low yielO.-tonsilo rpatios in tho tonsi~le tcsts, -ad low irrpact cncrg-ics
and "Icrystallinityh in the nntched-bar toots. Those toots -,ro -oro sensi-
tivro iho.- iade at au' atrosphcri., tcrrpornturos. However roovn-to.-.pcrnturu
tests n~ro .sunlJly sufficient at t1be indicated harxness level. If poor results
aýro ob.ta-ined, 7i'icrosconic eoxa-iinntion of tho part in tho untc:-rporo0. condition

*is thc surest way tc rdotorninu whothor they r= dIue to inco,-rlcto hnxrdcnin,-
or to son'o ot~her dIcfcct. If the parts are found to be i;ncor-7pletoly hardeoned,
:VdJustnents -aut be riw.'.e as ind7ica-tedt below (Sto-p S).

*If thc -,i"rts nare fcund. to havev boon f-L7y hnrdloneC'., the choice of
tho tc,-p-crin,- cycle tas %eoll as the susece-ibility of the stool to tenlpor-
brittleness aýnr cifficulties clue to retained .austonitc ohoual- be investi-

~;ted. One or mcro of the parts ca.n be tcnipcrcdl with thc selectoeL tcr-porin,-
cycle a.nc Irzpact riil tensile spocirions ron.,ovod, from the pr.An in~llcction
of the tensile results will indicate whothor the streng(-ýth :iccts tho p)roscribecd

roquironeonts. The reduction. of aron ricasuroneints will indicate whether the
steel is of the clesiroed quality: for rolled -mnd fort-ed prirts, the difforonco
between the reduction of area:- for transvorsc ane. for longitudtina~l spociueons
is, in gcneral, a- ;,oodý indx of auulity, being loss the better the quaýlity.I If notehcd-brar results that -are not cor.rletoly satisfactory aýre
obtained, teots choul:L be nm.' Oo for tenpel,)r brittleness andO retained -tustonito
effects, unless the decsign, is Puch that positive clinina~tien of those Odiffi-
cu~lties c-.n be nae.Fig-uros 75 tc 77 are useful in d'ctoxia:ining 1whether the
notched-baýr oneor--ics ire lower than should be; e::,octodl. Lew-to:.,pcv)aturo
notched-bar tests -%re noro sensitive thrn:i room, tenoriprture tests in deotect-

Usuaýlly preoence of retained aus~týnito effects can, be, read.Oily
checckedO by comparing- t~he propcrties of aý spr-rle pa,-rt --,ivon the szlocted trea-t-
:,ent with those of another sr.pofron the sane hea't ';iVenI the Wine~ troeat-
ront bout cnooled to a. lower ton.-e~raturo irvedia~tely followina the quench
(be;fore the tc.-por), This will often i.oafl sub-zero cooling-. If the parts
are so lar,-e that this is not practical oven on non otvrplo, tho roc~e-nn'.ecod
prcccdluro is to cut sec'errt. si~nilar pieces fron.-, si.ciAlar loca~tions in a so,;-plo
part after quenchinG, give sone 'Jut not ta1 of the pieces ad0.itional c(ooling-,
then tenpeI~r all together anc'. conpanre the nrntchoed-bar p.roperties obtaince.

*Such as poor steel quaiity (p~orosity, peer inclusion distribution, etc.)
tenipor-brittleness, or hiji tc:poraturc d.composition products fron
reta~ined austonito.
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(prefermably a~t low tonporaturos) with and withou~t the naditiornn2 cooling.
The -viount of austonito rotfdnod increases very rinrkc'Ily with incroasinf-,
c-%rbon content; in lowi cairbon stools (.30%, or loss~) it is not likely to
introduce difficult~loo %uilosa the olloy content is hit-) or the steol is
inot cooled, to room ter~porituro prior to ter.porinij.

Tho -irosonco of tmrn~or-brittlcness and the na1.,-niV~xdo of the effect
-- y bo somovhrat rnoro ftiffictilt to esta~blish4 If the tonpcring tc:npor!aturo
is rb'o.T :bout 11000 F, (6000 C.), the ef fect of this trmisfnrr~natin mny
',e Odctorin~od, by co~~icthe notohoa.-bar --rop.crtios (profortr.y PAt low
tc-il.eratu.ron) with rosults fron sj)cciricns fron snnll sections t-dtoA from the
p art, rehea 'ted to the chosen to:rporraturo holdi for a short tine, anud qucnchod
frori the to7ne)r4 If the to.-Pprin,-, tentporrture Is 7>010w 1100': F. (6000 0.),
the nrrcodnro describedl in stop 6 is iicbo

If no evideonc of inco.n:,leto, h'-rconinc, tor;l-cr-brittlcncss, or
rct,%inod mautcnito effects ca-n be found inct. tho touc-,hnoss of tho stool of
the part is still loss than ox,)octe., thor~ vnri!ablos associa~ted with stool

'0 7-~rkinc should boo invcsti!-,#ted. Poor ricltiz;-. proctico, for oxx.iplc, may
'J.rcul i lw r.act ,r ris GrAin bnundn.ty procipita-tos rosultin, In

"cocoin1 fracture ma~cy be -)rooent (Clv~ptcr IV). "Dirty" stool, contain-
inc; nrnmy inclusions, andt stoolen.cntpainin-g1 flr'kcs or other aofects can be
oxiyectod to havo -poor properties; these ecfoots should be oviclont On na!-cro-
otchin,- or -iAcro sompic o~mnin-atio n.

St07) 8: 2cncdjustnont of Dosi.'M

XIf -my of thc difficulties ncntinnod abDovo nre found, r-.odifiCrtticas
of the ctesic-ýn is nocoss.drrya If the pa~rt ha-s boon found to hrardon inco.n'plcot-
ly, thc alley content or thc severity of thc yicnch nmy be increaýsed. Those
modificAtions rmny rosult, howover, in an incrcrtso in quonch'-cr.!ackinj-,, which
-r~my necessitate advditional chrvnCes.

If the pnrts are coriple'Jtoly hnrOdencd but crackine or o::-cessivo
vmrs inE occurs (even when thc quonch is inneuidia-,toly followed. by a low tor.~cr-
atturo ton'icrin!- treatnent) ad.Justmonts -Lre a-ain necessatry. If the con:,po-
sition was choseon so as to !linimizo quonch-crnackinj-:, little can bo done in
theow of Composizion chin,7eu unloss the harcleonability is excessive -.nd r.in-q
bec redluced. (The niiru. nalysis can be chocked by mrainC; sanzrlo parts of
stools of the s,%rie typo but some.what lewcr in alloy or cnerbon content. Son.,o-
times ---rts can be rindo of tho same stcol but somewihat thicker in the rost
slowly Cooled section.) It mrvy be possible to reduce the c!-rbon content of
the stool if the strent-th crum be obtained. with n lower (pon-Assiblo) toapor-
in!.,, tenporAture. It is :iest ir~r-orta,,nt for ninl:2iziný-, quonchi-crackin,-. and
for obtAininp,7 the mnz~irnin tout-hnoss to Usee the -a)solute ninim ==n rnount of
c.-re,3n. If the !ollr'y or Carbeon content is naot oxcossivo then a rodesign of
the quaonchin.-,; -2rooeeduro or of the oha'ne of the pf'.rt is calloci for. A tin.ed
quench mn'y be foasiblo; this ord~inrarily requires noc!a, in Vo~sii
The lonC;th of tine th-%t the pinxt shoulcd be quaoncho&2 bcforo i.nterruption mnq
be oataýblishoft by qucnchizi,- a- nuibor of snri,?1a parts, interruxpting, the
quench -Xtoer various times, cxrvuinrin(; the :parts for cracks, and. after ten-
porin,- c~hoc!kinC their notcheda b,-r propecrties to determine whether tho inter-
ruption, causoed deleteriou~s for-iation of bfainitc or rotoatien, of mustenito,

-151-



An 'alternative is to quench a sample part with one or more thermocouples
attached to Apmropriate locations (such as 0.7 the distance from the center
to the surfce) ýand determining the time for the average temperature to fall
to the estimated M5 or some slightly higher temperature. For moderate or
low HD values, a (somewhat low) estimate of the time may be obtainod from
equation (s-2).

A del•,ed quench may be employed, and in this case the poarlitic
hardenability must be increased. Since del•e.od quonching is of advantage
only if the Ms is brought above the temperature at whi6ch cooling becomes
exponential, Figures 89 and 90 are usefrl in Judging whether delayed quench-
ing Is likely to prove worthwhile. Occasionally, in parts of simple shapQ
over, say, 1 inch thick, increasing the severity of quench will result in
a more favorablo stress distribution mid decrease the tendency to crack.
In more complicated parts, changing the quenching severity in recesses by
the use of sprays may help.

If none of those meqsures arc successful, the severity of the
* .quenching medium mny have to be reduced. (Mr.rtempcring falls under this

heading.) The hardenability will then have to be increased with consequent
increased difficulties with retained austonite and temper brittleness.
Modification of the part shape, either by masking or by redesign, may be
necessary. The fillets may be increased and any sharp chnngos in section
reduced. After any of these changes, several of the preceding steps mny
h*uve to be ropea.ted, and Stop 7 generally must be.

If low toughness ha.s been found due to effects of rotAined nusten-
Ito and the alloy and carbon contents were seloctod to minimize this, then
no further changes of composition Rre possible. It is nezcssary to Altor
the hent-trenting process. The part may be cooled below room temporrture
before tempering. A preliminary low-temporAtiro temper to permit trans-
formation of the austonito" to a low tompersture bainitc, before tompering
for hardness, may improve the prvpex'tlnR. In fact, herting slowly to the
tampering toeperature may be ,li that is necesrnry to trtnsform the retained
nustenite.

Methods for minimizing tcempcr brittleness have been outlined in
Stop 6, and need not be further dlscussed here.

If, in the course of ovorcomirg the vt.rious difficulties mentioned,
auny radiecrl changes •in compuoition, ti .quenchlng procedure (other, perhp.ps,
thr.n the introduction OT a timed quench or an increase in quenching sever-
ity), or in the size of the pert are made, most of the steps so far out-
lined will have to be repeated. Thus, design, quenching practice, and com-
position, oech influence ench other, A process of successive approxination
is necessary and in difficult cases the stoos described herein may have to
be goro through several times,

Zvon when si.tisfactory properties arc obtnined in the finished
part and quonch-cracking and distortion are overcome, netallurgicfal pro-
blcns may remain. For exanple, softening cycles for machinability (which
include such possibilities as an ordinrry annealing. "cycle-anncaling",
and low-temperature normalizing followed by temporing) may harve to be
worked out, Various non-metallurgical troubles ncy have to be dealt !Aith.
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Stop~ 9; Sarvepoortg

p, 1lowinr' thefnls otinn of ta 1-ort-t rontnient-conpo sit ion
ooribinption th-ai will prorluco tho dosiraft prqoprtioe without urluo arcss
difficulties, -a nwi'bor of pa~rts should. be rafactuirocI. This jilot lot crMn
soriotiraos ',e usoL to ostribl~ish the product flow nnfltl -as n' finril chock for
ntif".ctur~nr, clifficultios. Prirr'xfy, howovcr, those parts arc intond~lod
for servico tosting,* Modificrqtvon of the shrxj~o or a char,.,,.,o in strength
level Tinyj meui~t fron such toost. The uso of shot--pooniaC; or simailar Ipre--
strosainW nothsd. niey be inclicated. If --iodi ficat ions arer necessary, tho
riotalluv~ica). doei,-n ,)rocodluro riust loo rep.onteci, at loast in p-rt.

StoD 10: rrocoss "and. Produ~ct Ocntrol.

The otclucol osij;nr should cooporato with whecvor is re-
s-p onsaibl1o for ostn':lishia- I~rnooss an -roc'uct control to Boo that control
procccduros tiro sct up which will irisuro that the nottallurgica1 dosiC~n is
adhered, to. Control both of ra~w stool ancl of hoa~t-trontnont is ordinarily
needed.. Assurance should. bo obtinend tha-t the stool will be~ of sts'c
tory guality, and h,,rýo tho c'.esi~nQd hirAdervab lity ind tho aesi,-,nod tor;71orint-
bohw-ior. (This List Is ueua11y controlled by controllinC, tho crx~bon con-
teat and, withia bjro.-ad linits, the -,lloy content.) AnsuTanco should Palso
be, obtained, tha-t critic-J. fa-ctors of the rnuttonitizing, quonchinc-,, and
to-,-,crinxt7 procoduros will ')e hold sufficiently close to those selected by
the rlosic,,nor.
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X. EAMZ1 S

It may be of value to consiaer au example of the design procedure
described in the preceding chaptorsO. Some of tho procedure could undoubt-
odly be omitted if a roasonablo amount of experience is available. How-
ever, it is boliovod that the oxample will bo more illuminating if very
little oxporicnceo is assumed, and tho procedure of Ohaptcr IX utilizod in
full,

It is doesirod to obtain optimum mochanical properties in a stool
tube having tho following dimonsionst

Inside diamoter: 3 inches
Outside diamotor: 4 inches

Length: 50 inches

Thoro is a series of threads on the outside of tho tube, adjacent to one
end, but no other notches or abrupt changos In section. A minimum yield
strength of 135,000 pounds per square inch (at 0.1 por cent offsot) is
required. Tho part is momentarily ho-tod in sorvicc to 8000 F., but resist-
anno to soaling Pond corrosion, beyond thzft obtainod writh modiv~m-alloy stools.

is not nccosenry.

Ao1uti~on:

(1). 28onching

An allownnco of 1/Z inch on each ourfacc is noeded for machining
anftor hoat-troatmont. The throeds cron, if necessary, be cut aftor hoe.t-
treatmcnt, but It would be preforablo to rough-machino them before hoat-
trontmont, Thus, the paort is to be quenched in the form of a, long hollow
cylindor, 2-3/4 inch I.D. and 4j inch O.D., with, if practical, some thro-ds,
In nccordanco with Chapter IX, av wator quonch is tentatively solectod.
Suitablo equipment for quenching in cold, circulaoting water is availatblo.
To rininizo dictortion, the part will, tentatively, be quenched vertically.
It will be moved up-and-down during the quench to increaoso the notion of
the water rolativo to tho inside and outsido surfa.cos.

(2). Istimation of Requirod 9rrdonobility

7Fibroe 93 and 100 indica•to that the slowest cooling conditions
in i hollow cylinder, 2-3/4 inco ID, and 4j" O.D., quenched insido and
out in still water (H t 1 inch-A), are approxinmtoly oquivalont to the
conditions at the contor of n. 2.3 inch idol round, 7nd at .31 inch from
the quonchod end of a Jomii.y ond-quonch bar. (B.sing the crlculation upon

*The data usod in this exvnrlo aro hypothotical but aro thought to be
roneonablo.
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still water may provide some factor of safety.)

(3). Obeok of Estima~te of Reguired Hard~enability

In order to check this estimi~te. a uamnplo part is made of a stool
that would. be expoctod to hcaf-hardon, Table V indicates that SAE 4130 has#
on tho avorage, a b.Ainitic h-trdonability, for half-hardoning, estimnto'd IAt
2.2 inchos ido.oa round, tnd a higher poarlitic ha~rdonability. This haýrden-
ability of 2.,2 inches is close to thc roquiremont of 2.3 Inchen estimated.
in Stop 2. As SAE 4130 stool in the proper cizo happens to be %vailablo,
it is uned for chocking the estimate of required ha~rdennbility. A piece of
4130 to michined to the dimensions (before heat-troating) of the pa~rt. Thin
3mplo part is given anyr convenient austenitizing treatment (in this caso,

1 hour hole. at 162507.,) and quenched in the tentatively soloctod unnvnor
until cold*, The quonohod piece Is sectioned neo,%r its midlongth, without
hcating the metnl, and a hnrdneoss traverse taken. The lowest hrardnoess (near
the rnidwall) is found to be Rockweoll 044,

A JorainyW end-quench spocimcn ie cut from the scuio ori~ineJ. piece
of 4130, a~dinoent to the rLintoria)l that forms the raidwrall of the a.ol part.
The specinicn is ?Iustenitizod just as the part was (1 hour hold at 16250 F-),
ond-quocachd, end growid for h-rdnees curvoey The hardneoss survey shows
that Roclcvell 0~44 is found at 4/16 or .25 in~ch from the quenched-end. Thus
(to a bettor degree of approximation thani vraa obtaineid in Stop 2) the cooling
conditions in tho prart, quenched in the tenýt:-tively selected rmicnnor, aro
equiva.-lent to .25 inch Jo!iiLy distance, or (usiag Picuro 97) to 2.0 in-ch
idea)l round.

(4). Selection of 0oEr1osition

The Part nust not be -Xff cted by heating In service to 9(000 F.
for short periods. One hour nt 8000 F. eorrospands (Figuro l2ý) to onlya
few riinutes at 9000 F. If the part wore firot tomperod ca-y, 1;s hours at
9000 7., the serv!ice conditions, equivalent to only a few additional ni.-nitos
at this tornperrtiiro would produce no appreciable chanige in hardness di'-.
ferenco (Figuro 1255 and hence in hardness. l~hours at 9000 F. is equivra-
lent to a hiardness clifference of 59 Rockwell 0. A toriporing trontriont
providinG a hardness difference of 58 Rockwell 0 or groa~t.r is, thereforo,
indiczntol.

To provide, roproJ~ucibly, the required nini:mr=i yield strength of
135,000 pouinds por squnre inch it is noceosear to -in. at !, seonwha-t hihejir
averaýge, such as 145,000 p.s.i. Aceoredin- to Fi~urcs 56 and 58, this cor-
responds to a tensile streng~th of 159,000 p-s-i., a. Brinoll h~rclness of 335,
and r% Roclkwoll hanrdness of 036. Tho chnracte riot ic hrardness of theA stool
should, therefore, be -it leas8t 36 + 59 = 94 nockviell 0. if, at a M~oos
(Table VII), the alloying- olorionts will ra~ise the charxrctcrintjc hnxrd-noss

*A s~hort length,l srY 5 incheis, -o-fthe sanei inside and0 eautuidc dinnoters
could have boon,- used instead of a full-lengtlh piece, but the lAtter
gives saowri-hat bettor reprod~uction of the nuonchinC; cozdcitions that
will be obtained in pr.actice.
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8 Rockwall. 0, tho c.,rbon content nust bej sufficient to provideo, -r1ono, aI ~ chararic.t riot io hn~rdnoma of Rockwell 086. 3Piguro 129 indicates, than, a
minirin carbon contont of r.pproxinatoly .e4. per cont.

Xt is thou&h advisable 'qo liviit tho silicon content to an avorngo
of .25 por cent. As tho stool is to be maudo In basic copn-hearth furnaces,
the phosphorusu Pnd sulfur contonts will probably ravcrv-,o .030 per cont o,,ch.
Because of lack of experience, iio 1'nooOli~ng u~onts" will be usoC.. Because
of tho reportedly g-rreater tou.hness of fino-(graineci stools, an ASTIR -,rnin
size of 7 will be sought.

For i'ull-hardconinC:, Tableo III then civcs the followinG hardon-
ability factors:

H;%rdoiiabi).ity Factor, Idoni1 Roundl
z 7KROnent Per cont Poarlitic Bainitic

m0 .~40 .1611 .17211
Si .25 1..16 1.16
P .030 1.095 1.085'4 -030 .9g1 .981

The product of' those bainitic l".rdcniability fa~ctora is then .~21
inches*. Since a~n idonl round hardon.-1oility of 2.0 inch is required, a bain-
itic harcienability frctor of 2.0/.212 = 9.14 ro:inins to be) obtained fron r-,an-
r-,aneoo, chrori1in, and ckol.

Tho cost of the stoel will be sm-il corinparl to the cost of the{heat-treated part and the carbon content is nodcratoly high, so that quench.-
craclciný-- mighit be a problon with water-quonching. It, thorofore, appears
advisable to select, tontritivoly, these miaflgafoso, chroniu', ond, nickel con-
tents that will :ininizo the likolihooO. of quench-crackinc,. Reference iu
therefore Ynrdo to Pi,7ircs 11.2 anmd 113. Fi,-,ro 113 in-lirlates trint for a Coi--1-

biedaro~ailtyfato f ,1, hemnganese contont shoulod be about -70
per cet. ,arc 112 shows the corresponding, chro:.Uiuxi content to be appro:zi-

natoly 1.00 pcr cent andl the nickel content .30 per cont. Accorcinig to
Tr'-le III, the ponrlitic harde.1nability £,',.ctqýrs f-or these alloy contents are:

Foarlitic
XLP ~oont Per cent Factor

MN1 .70 3.87
Cr 1.00 3.33
rit .30 1.156

The procluct of the poarlitic ha-rcoionability factcrs for the olo;nonts so far
cosoon is then 2.96 innhos. No furthor alloy aQý.clitions are, nleeded! to pro-
vide the required hairdenaibility of 290 inches. To Insure the deosiredl fixiA
grain, deoxidation wit': -i~nl sseiid

*The phosphorus and sulifur factors cou.ld well have boon neglected -tt tis
point, a~nd their effect unod sinply to inocraso the factor of safety,
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Uhfortunately, the oompositiou outlined above does not coincide
with PrW of the standard SA3 or IM steels. Because of the difficulty and
expense of obtaining a special composition in the tonnaoes involved, it
would be proforablo to uso a standard stool. Ae an indica.•tion of tho like-
lihood of quonch-orroking and honceo the importnnco of rndhcrir4 closely to
the composition that vwill minimize cracking, the MH tompornturo of the ton-'
tativo composition is computod, using Tablo I:

Lowering of,
Somon_•t Pr oont

C .4o 252
si .25 0
Hn .70 50
Or 1.00 36
Ni .30 To ta___37

1010

t3 Estim.,%tod !,I

With on M. of tho order of 6600 F• not much troublo with quench-.
cracking would be rznticipotod, particulhrly if the threads conn be cut -Stor
ho.t-troeatment. Therefore, considerntion of availoblo standard stools is
warrantod. Reference is mado to Tablc V. Thoso .-40 per cent carbon stools
whose hordoiability for full-hardening (bainitic or poarlitic, whichever is
lower) appears to be sufficictly groat so thr.t a high porocetago of heats
would have more than the required 2.0 inch ideal round aroc

St imatt od Hardonability
Stool Ideo- -Round___Lnohos

2314o 2. 4
314o 2.7
3141 2.9
3P24 2.9
434•4 3.1
940o 2.7

The nvcr,'go of the specified composition rfngo for cach of those
stools is (omitting phosphorus nnd sulfur);

Stool C" n Si Or. Xi Mo

2340 .4o .80 .27 - 3.50 --
3140 .10 .80 .27 .65 1.25 --
"3141 .4o .80 .27 .80 1.25
32140 .1 .50 •27 1.05 1.82 --
14340o .4o .70 .#27 .80 1182 .25

o981o .4o .90 .27 .80 1,00 .25
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N's toprauo for thoso stools aro found in T:%blo VI rnd tho
current price extras asccrtAinodi'.with the following results:

M5 OLO".! Prico Extra

2314o 6oo 1.70
31~4o 650 0.85
31141 650 0.85
32140 6L 1.35
143140 630 1.70
98140 650 1.30

Steels 23140, 32140, rind 143140 nro apparontly over-alloyed for the
purpose: thoy h.avo the lo-.iost M. ternpornturos and the highest price*.
31414 appearos to bc urmnocossarily higher in :'lloy conte-nt than 31140 and
theref'ore naust h-Lvo a slightly lov~er Ms. 98140 is ipproci.abl-y- m.orc expoL~n-
sivo than 31140. 31140 is readily obtnainbic at tho riomont, aad a-ppe~rs
likoly to romain so. It is, theroforo, thoe nov tontativo choice.

(5). Autntzn n.opcigPoouo

Using Figuire 128 nand Table VII, the cha-ractcristic hardness of
SAE 31140 is estimntocl?

Cont:Abutioi)_to Ch-arac. RHard..

Element Par Cent YTo SECC Bj-z'&hl] Soc. Hard.

:14o 85.5 95.5
Si .271.
or -65 3.2

Ni1.25 1,2 1.2
Totv-l 92,0 97.2

The tornpcrinZ t.-cr,tj'ent requxired (Step 14) is oqcuivalont. to Liero than 1
hour aýt 9500 P. and. therefore, according Che0'Laitcr VIII, pr-ictic.aJ.ly the

ful scon&ry w-dnin arsin frn te poso-coof chromium~ is to beC xpected. The chnrac'teristic harrdzess then-, 'lappens to coincide with tho
914 Rockweoll 0 estin'mtod in Stop 14, and no readijustment in cornposition need
be riadoe to tm~to carer of the hardneoss respon-,se to ter"Poring,

To chcci!: tie probaýble susceptibility to torapcj-brittlcnoss, re-
ference is vnado to JFiolro 1314. To uso this figure, the combinod poarlitic

hardnabiityfactr frinan',noso, chronilin, nad icklol Is calculated. for
SAE 31140:

Ti~c H4 tonixraturov ar-e, of course, lower tho Groater tho dovintion
of the conpc~s.tion fvor3 that tontativoly soloctod. ea:lier.,
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x.ement Per CeMt NatoE

I n .O8 4.20
Cr .65 2.5.
Ni 1.25 616

Product 17.7

According to Figure 134, a steel similar to 3140 but containing .25--,40
molybdenum shows a very slight embrittlemont in a test of moderato soni-
tivity after a sove-o ombrittlomont troAtmont. Without the molybdenum,
cmbrittlomont will take placo more rapidly.

To chock the likelihood of cmbrittlomont, the tempering treat-
mont is estirnotod. Tho minim'u practica-l teoporing time for -a part of the
proscribed dimonsions in an air furnaco (the typo nost roeaily nvailcblo)
is considcrod to be about -- hour. For the requirod hardnoss difforonco
of 58 Rockwell 0 (stop 4), Figure 125 then indiczrtos ri toriporing tc:rpornturo
of ,bout 9 4"00 F. Such r, trcatront night cuseo approcinblo ombrittloncnt in
a- nodorrtoly susccpt.iblo atool. Pending , cxporinontonl chock, howovcr, it
tis assuiod thit no sorlouc onbrittloriont will occur in SAS 3140, and this
stool is kept is the tentative selection.

There •:ro few nuiorical data availablo on which to bano an esti-
nato of the lower boundary of the A to;.por,-turo range for 3140. HoIwovor,
the stool is not particularly high In ;ranganoso and nickel -und contains
some cbromniuri. Probably the lower boundary is above 1250' F.; alriost 3or-

tinly it is -bovo 1225" P. With the to,-poring troatnonts under consider-
ation thcro is no dnnger of forning auotonito during to:•.porin-,

SAE 3140 contains only s.riall n.;ounto of carbido-forring oleoncnts.
A nodorate austcnitizina trcatnent should provide honogoncous aucstonita.
For iron-carbon -alloys, the cquilibriu:- austonito field, frr .40 per cent
cxbonr-, begins at about 1475r' F.; with the alloy content of 3140 it wnuld
begin slightly lnvor. An r.uatcnitizing tro.tncnt of I hour a.t 1575' F. a)?-
pcrs sufficient.

4 (6). ?xporiLicntal Stools

Snall plocos for prolinin.rj tests a.ro rbtainod fror several hoeats
of SAE 3340. Fron the hoeats in stock, four are selected having high, ]ow,
mid nodiun analysos with respect to carbon --nd -lloy, as follows:

Heat No. MC11 0 Mn P S Si CrNi 1o

s4307 A .4, ,77 o028 .021 .32 969 1.19 .04
n1129 . 4o .86 .031 .020 ,26 .75 1.23 .03
S387 ~ 0 .141 .73 .0324 .026 .29 .59 1.12 -05

.T38 .75 .027 .018 .25 .62 1.21 ,04

Specific n .70 4.00 .040 .20 ,55 1.10 ---38pecifetion -. 90 max. max, -. 35 -. 75 -1.40
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UW2fortumately no heats ,with extreme simultaneous variations of carbon and
alloy can be found. The standard practice of the steel makers has been to

W make their alloy steels "inherently fine-grained".

Design of preliminary machinno7ility heat-treatment is a problem
that has not boon oxplicitly considered in this volume. For uniformity and
mpchinability a prolimiwnary treatmont is considered desirable. The micro-
str".cturo that will be obtained. with a proliminary normalizing treatment
(air-cooling from the austonito range) is, thoreforoe ostimated. The stock
for the production part will be in the form of heavy tubing, 41" inch outside
dinmoter and 1 inch thick. No oha.rts ars given in Cbaptor V for ai.-cooling
of hollow cylinders, but the tubing should be roughly cquivalent to a plnto
of slightly groatcr thickness, sny 1* inches. According to Figure 92, this
in turn is equivalent, for still iir-cooling, to about 1S inches ideal round.
As Teble V gives only 4,8 inches !s the ideal round size for half-hnrdoning
SAM 3140 to poarlito, it appon.rs that nir-cooling the tubing iill produce
n structure subetautially all porarlito and procutectoid forrite. In .4o per
cent cnrbon stools, poerlitic structure produced by continuous cooling Rro
usually soft enough to machine satisfactorily. A tentative preliminary troat-

•" mcnt of 1 hour at 1525 0 P,, followed by air-cooling, is, therefore, selected.

The pieces of SAS 3140 availnble arc not in the form of 4j inch
oD., 1 inch %-mll tubing, nor can they be ir.chinod ýo this size. As r rough
approximation to the selected proliminary trctmoet, they are lastcnitizod.
1 hour at 15250 F. and nir-coolcd in the sizes in which they htappon to be
.vnAilblo: bar stock ranging from 1i inch cold-drawn hexagon to 2 inch hot-

rolled round. (According to 0ha.ptcr V, these sizes correspond on air-cooling
to approximately 13 to 17 inch ldool rounds.) As a chock, Brinoll haordness
measurements are then mado of tho bar surf-cos (aftor proper Ourfaco proprtr-
aotion), with the following rosultsr

Hea~t BENT

A 2ý5

C 215
D 100

a Thoco hxdnonscos indica.tc that the structure of the air-cooled bars is pro-
bably poarlitic and tend to confirm the vieov that the air-cooled tubes (which
aro slightly largor in cquivwlaet section aind so 1ill ecol noem slowly) will
be soft enough to machinc sa.tisfactorily,

Twc snall pieces cut from a normalized bar of each hoeat aire -
tonitizod for one hour at each of the following toeporraturoS: 1500, 1525,
1550, 1575, 1600, 16500 F- One of the two pieces is then quonched in water
and e-x.ineod netallographicn.lly for *arride colution, Tho other pioice is
transfeired to a furnace at 13250 F., held one hour (to precipitate proeu-
tectoid ferrite at the grain boundaries), and quenched in water. This piece
is intended to be' examinod metallographically for austonitic grain size.
The rosults obtained for carbide solution are:
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i Tot Undivsolvod Carbidos Visible
*p. eca't A HEot B Ret0 It

1500IL Mnay Feol Pew
1525 Traco Pow Nor.e Fone-
1550 Pone one N,', no Nono
1575 ,Nono Y-nc To n o Tnono
1600 7o no Nono No no No ne
1650 ITono ,,no None None

Whilo Ti austonitizina tcropcra-ýturo of 1550' P, ,appnrontly providos cnrIploto
cnrbido solution, the proviouslly suggested 15 7 5 0 FP seoes dosirable to pro-
vido groeator safcty.

To reduce tho notalloGr•phic work, only the grain-sizo sanples
austonitIzed at 15750 and at the highest temiperature (16500 F6) are imme-
diately examined. The results are:

STemp. AS.TM. Austonitic Grain Size
"Op. Heat A Heat B Heat C Heat I)

1575 S 9 7 5
1650 7- 9 7 9

No examination of the other grain size samplos is necessary, for the grain
size is fine at the tcntativo austonitizing temperature and romains so to
"considerably higher tomperaturos.

A standard Jominy ond-quonch hardonability specimen is then mach-
inod from the ncmalizod bar of oe.ch hoat, austonitizcd 1 hour at 15750 F.,
and end-quenched. Two opposite flats .ro ground .050 inches doop (to in-
suro removal of docarburization) on onch specimen nnd hrrdnoss curves made.
The hardness obtained is plotted, for each heat, against the distance from
the quenched end, the latter being on a logarithmic scale, The hardness
curves drop slowly near the quenched end, then abruptly begin to drop more
rapidly, and finally, as the air-cooled ond is approached, level out. The
beginning of the abrupt drop isl

"Heat: A B D,
Distance, in 1/16 inch; 9 9 6 6"

The lowest of those vwluoe, 6/16 inch, is, according to Figure 93, oquiva-
lont to 2.4* inches idoel round. The hardonability, thcroforo, scorns to be
grcator thnn the nocossnr-. 2.0 inches, for comocsitions frirly well covering
the specified rengo for SAE 3140.

Bocauso of the doubt as to whether tempor-brittlonoes will occur,
the tempering boha~vior of the four hoets is chocked nt this point. Small
piecos cut from the normnlizod bar of o ch hoet nro austonitizod 1 hour at
15750 F., wator-quonched, and tempered ihour rAt oach of thoco tomport.turos:
700, 900, 1050, 12000 F. kftor tempering the pieces are quenched aMd ground.
Rockwoll 0 re-dings iro tnken on ca.ch piece and plotted ngainst tho teo ri
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tozuporaturo for oach stool, Intorpol1',tion on tho plots givos the followring

tempering tompornturos for Rockwell 036t

if Eat: A B C D
07: 910 920 900 890

Apparently the estimarto of 9)400 F. wiao slightly higho

Prom tho air-coolod bar of each heat, four 5/9 inch round blan--ks,
caich 5 inchos long, ".rc rachinod, givcn the scioctod aiistcnitizing trcat-
maont, naid vntor-quonahod. Two of tho four blanks are tcmpcrod. for ~-hour
at tho touperaturo just dctcralincd a~s nppro-,riato for tho hont, -nd quonchod
in vvator follovwing tho touapor. Tho other two blanzk -.ro to.-pcrod for, six
nrtiutcs in n salIt ba-th and thon wator-quonchod.. Tho toripcrrturos for the six-I riinuto tonpcringZ are choscn, with the aid of Pi~uro 125, to &ive tho seine
Iha-rdncss in six rinutos no is obtairned in i hour -At the toripcrine tom.poraturos
used for tha~t tirio. Thosc torporraturos -.re:

HoAt; A B 0 D
or: 960o 7 950 9)40

From each blrink two V-notch Charpy specimncrs nro nachined. Two hr-trdnoss
reaidinas -%rc t-kon on oach. One of ofach pr'ir of apecinens is broken at
roon tor-:pcra-turo, tho other at -40o), 'vith tho followiing results (h-,rdnespe
roa~di n,-., avoragod.):

Toar ' Roomi Torv., Tont -4oo Tost
TioL~n_) F.-b.Practy Bockwoll 0 Z6,-Ibst Fvct Rockwell C

HUAT A

30 31.7 r 3r-95 23.9 P 35.7
3)4.o F 35.5~ 25.2 F 35.2

6 35.2 P 35.2 29.7 P 35.0
33.)4 v35.5 29a1 F 35.5

N30 3. 15:4 Cbf 36.2

6 3)4.3 F 36.2 26.8 P 36.0
35.2 F 35.7 2)4.9 y 36.0

3034.6 F 36.7 29.8 F 36.7
3035.2 F 36.5 29.3 F 37.0

6 3)4.6 r 36.7 30.)4 P 36.5
37.2 P 37.0 29. 7 7 36.7
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CONTINM

TgelgRoom Tamps Test: .. 400 Test
jim ~ .) &tLbs. tract. flookvell 0 ]Pts=&bo. Pract. Rockcwell 001BUT, D

37,5 7 35.5 29.7 r 36.2
30 36.c F 36.0 29.7 7 3547

37.2 r 35.7 30.9 F 36.035.5 7 36.0 32.1 F 36.0

(Fractures: F = fibrous; Obf m bright crystalline with fibrous border.)

It is evident that the half-hour troetmont embrittlos hoat B, which
is highest in alloying elements. Heat A shows soen ombrittlomont, and heats
C and D a little.

The part under design is too large to temper with avrilablo salt,
load, or induction furnaces, Pnd the qunntity to be produced does not war-

Srant purchaso of a special tonporing furna-ce. It is, therefore, not prc-
ticl to reduce the tempering tin- below : hour, and hence to raise the
tcmpering topperaturo. The cozposltion of the SA3 3140 cannot be changed
and tho Wte! still kopt standard. Therefore, to L~void tempor-brittlcnoss,
it ic rnco.os-.ry to abnndon SAE 3140.

Since tho contonts of nrang'zLcso, chromium, and nickel in SAE 3140
are not oxcosoivo for the hirdoizability required, the indictted composition
ch'agos are of but two kinds: additions that raise the chnxactorictic hard-
ness (and so the tenporing teonporeture) rnd nolybdenur. additions to reduce
the rntc of oubrittlonont. While increasing the cvrbon would raise the char-
.ctoristic hardness, it would docroaso the toughness (of the unombrittlod
steol) nnd increase the tondency to%.r.rds quonch-crocking, Additions of n1.an-
ganoso, chromrui, or nickel (Tablo VII) would increase the susceptibility to
tonpor-brittlonoss and increaso the likelihood of quonch-cracking by lowor-
ing the martonsitc rango (Trblo I). Incroe.so of silicon is not possible
if the chlico is to be co:-.finod to SAE and NE stools. Addition of vraindiun.
wnuld probably be satisfact-ry, though it woluld lower the martonsito rango.
Addition of nolybdomrnr would r-Aso the chnractoristic h.:?dnoss as well Is
provide the specific rotarding offect of nolybdcnur= upon toepor brittleness;
it appoe.rs to hMvo no sigaificant disadvatages.

The stools c-r sidorod in Sto, 4 to bc second choices to 3140 were
31141 and 991o0. SAE 3141 differs frrn 31e40 nly in containing slightly rnoro
chroniu.i; its use would not be in ,accordance with the c-nsidorat:ions Just
montioncd. (This is truo also of SAE 3240.) SAE 9140 contains a little
rnero chroniuni .nd a little loss nickel than 3140, but, more inportant, con-
tains also .20 - .30 por cent nolybdonun. This is a chango in the direction
indicated to be desirable. SAE 9140 is, thoref'oro, the now tentative choice.

(5). Austonitizing %nd Tcincri .g Procoduros (ropoatod)

The ch-racteristic hr.rdnoss of SAX 9840 is ostiri.tod fro.- Table VII
mid Figure 128 uio follows:
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Contribution to Oharact. Hard.
Element For cent No_ 12a .T4iFull Sao, Hard

C .40 85.5 85.5
Mn .90 3.2 3.2
Si .27 1.1 1.1
Or J50 1.2 4.0
Ni 1,00 1.0 1.0
Mo -25 -. 6 ý-

Total 92.16 99.8

(The chromium and molybdenum contenis are sufficiently low that, according
to Figure 130, the presence of molybdenum does not decrease the secondary
hardoning effect duo to chromium.) For the desired hardness of Rockwell
C36, tho characteristic hardncesos of 92j and 100 correspond respectively
to hardness diffcrcnces of 56-,ý and 64 Rockwoll C, Those are equivalont
(Figure 125) to 1 hour tempers at 8800 and at 10600 1. While full chromium
secondary hardoning would develop at those temperatures, molybdenum Goc-
ondary hardoning will not be quito fully dovelopod ovon at the higher tom-
poraturo (Choptor VIII). IF the characteristic hardness devolopod is os-
timatod r.t 98 Pockwoll 0, the hardnoess difforonco will bo 062 and the tom-
poring treatment I hour at 10100 or 14 hour at 10300 F. The estimate of
98 Rockwell C nppoars roeaonablo for such toepering troatmonts.

It night be thought that since the characteristic hardness and
hardness differences :,ro abovo the minirun to Rvoid softening in sorvice
(Stop 3), the carbon content night profitably bc reduced. Howovor, the
likelihood of tcmper-brittleness rnmst be chocked first. The combined poarl-
itic hrdona.bility f-.ctor for nriagancso, chromium, and nickel will not be
very difforcnt fron that for SAE 3140, calculptod in Stop 5 as about 18.
Figure 134 indicptes that such a stool, containing .25 - .40 molybdcnum,
show:s slight tcnpor brittleness aftor a severe onbrittlonont troetncnt.
A tc:.ipcring troatmont of b hour at 10300 F. or even I hour at 10100 F.
proba.bly will not introduce appreciable tc.-por brittleness. Howover, if
the c-rbon content were reduced and the tenporine tonporaooturc lowered
correspondingly, onbrittlou;cnt would be likely to t-ko place. Thus, toI
carbon content had, at lenst for the nonont, best be loft at .40 per cent.

Since NE 98940 contains appreciable nolybdonun and chroriun .nd
only nodor,.to (uantitios of rnangnaose and nickel, the lower boundary of
its tempererturo r:ngo is hnrdly likely to be below 1275' F. Unless
the ý0t1imnto of characteristic hardness is grcatly in error, there is
thus no dangor of austonito fornation during tonporing.

Because of its greater content of carbido-forning clononta, ME
940 will rc•iro a higher austonitizing temperaturo than SAE 3140. One
hour nt 1625 F. inAight be a fair ostimato.

(6). Exporirncntal Stools (rouoatod)

A length of lX inch round hot-rolled bar is obtained fron c.ch
of three selected heats of NE 9140, having tho following chock analyses:

-164-

• .. .... ... .. ... . ... . . . . .. .. . - . .- ,- - ... ...-- - - - - - - - - - - -- --. i•" ' • : • • .•- -'. .• . -



V Heat N~o& nat ion C 4t P 01 Si11~i M

L14.31 ii .39 *724 .029 .022 .26 -72 1.05 .23
03375 F lj .79- .023 .029 .2~4 .95 .98 .26
Fa9O2 G .39 .s6 -025 .017 .31 .55 1.09 .22

_pcfcto :ýS -70 -04 x*o2 .20 -70 .85 .20
Specfictio 13--9 M8 MoMt -. 35 --DO -1.15 -.30

According to Table V. the ideal, round size for half-hard~ening
IM 95240 to pearlite is 5.9 inchos, azd to bainite, 4+,9 inches. The stnok
for the pa&rt is, on cooling in still air, equiva1ent to about 19 inches
ideal rolind (Stop 5)t A pre.imuinary treatment involving air-cooling from
the austenitizing temperature will probably rosuilt in 'a stmoxcure princ..-
pally pearlito arid procutootoid forrito with likoly somc bainitc. Even
with it low-tomperaturo austortitizing treatment thrat loaves und'.ssolvod ct..r
bidos tnd so incrcnaso tI~o spood. of pourlito formation on, con).ing, enough
bainit~o eighat be prosoflt to raiso tho haird-noas -~bovo thart ocon~omical for
msachining. A. tosnporing tro-Ltmont mVy, thoroforo, be ndvivrýb1.o orftor thc
-Lir-c ool.ing; on(, hour at 1229 12500 F- soom~s to bo as high az would bo
safo without n chock of the 1ovjtvoornt'ar-ý bound,-rj of the A1 r-tngo. Ono
hou~r at 15250 F., %ir-eooli~n6, rnd icx.pori-ng, ono hour att 1225"- 12500 F-Is
t~~jcroforc, tontntivol-y chosor± as the proliminrya~ trcoatmont*.

Tho !i-? iznch rounrd ba~rs of hents E, 2, and G Rrv. austornitizrd. 1 hour
a~t 15250 F., -Ar-ool~od to rooi-. tor-poraturo, and. their hardn~ososo moasu.red.4Thoy -iro then tor'Vorod 1 h~our at 12250 F. raid their hnrdncr~sus ricasirod aigain,
wi+-h tho folloviin'j vastilts:

Brinell F,.rdncsai
Boforo A~ftcr

Iloat 42cr Torepor

24+5 230I 260 235
G 305 230

On the zmral, brars, -,t least, a tcnpcr is -%pparoitly dIcsirrblo tý atchiovo'

Pi( coa c,,.t fron the or~~zd -oipr batrs arc usod., vsdo
scribod. i:-i Sto-p 6, to dcotr~ino taoi cifoct of Paustc:nitizirlg tcraporatu~rc, upon

*Air.-cooling (norn2alizirj,) and. tcmoorinig is con-.only rnoro cconorical
than troatriants producing~ pcrirlito, oithor by far',co~-coolir.6 or by
isothcrrmal dcoonponit ion of austonitc. Y'u.ll conolclor!',tior. of t~otý.a-
1urgict.1 dostan for machinability lics, hc-uov~ir, nutside tho scope of
t~hii voluno, a.nd littic furthor attecition will bo Cjvan horc to such
dczien.
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c:'rbido solution a~nd austonitic Crnin size, with thc follcwine results:

ToM,' Und~issolvedOrtirbido.s Viuiiblo A.S.T.M. Grnin Sizo
OF, HRent E Hc!.t 7Flocrt G IHof'.t E Ho'tt F HO!7tG

1550 fNr- Mrny
1575 Pow Fow Yn
i6oo 116on Tro,,co Trv-co
1625 lionc ITono10 i'onc 7 9 9
1675 iNono I7onc N6.no 7 7ff: 9

Thou.Ch no cr~rbidcs rnro found in those particulr~.r hernts r'.t 16250, they ttro
found at 16000 F. The previously cti-!'.tnd -=.tc-nitizing tmopor-.turo of
1625'ý F. nright not prnvido suff'icient r.,orC~in of stifet, tco trdkc c:-rc both
of vo-ýrio-ýtlonc nmo-a diff'cront licn.ts atnc of discropnxneicis botweena t>.e
norminoJ. nstcnitizing; to:--pcrrnturo ana thrit obtý%inoe iii -roduction.A
treatment cf 1 hour rat 16500 1-. would be decidedly proefcr!ýblc, Ond, on
the bt.asis of tho grr-in s izc M2osuro-lo-ats, socns to hnvc -1o disa~vrtagO.

With this ausato:itiziinl- troe.2t:ont, -. Joninny Oncl-quench test is
..;!dc upoa thc f2i-coolod nz'2 to~npocrc- b,-,r of cach hertt. Tho abrapt Odrop
in htardncos is founda t-' botgir- -t the fo11cwin-,,j 6ist~n-ccs frc.,i the Cuu-nchcd
end cf the spc'ci~l:.c::

IHo'^t: ED F G
flistonnco, in 1/16 inch: 7 9 9

The ninizmum 1hrrdco-,-bi1itY9 7/16 inch, is cqlliv,-lont (Pit~ro 97) to 2. 7
inches idorn.1 round, !%ned, theref-or, c::.ccca~s the roa 'uircdt 2.0 inches by
a ;.iodor,-.tc o-,.i-nt. Sinaco hoeat Z is P-Lirly clooe tto the lo-uor lilit of
tho spocified che:,.ieocl rnngo, the ,;rca~t Lirjority of HE q940 hearts ch-':1d
lr~vc sufficicnt hn.rcc:~,.-b ility.

The h~nrdnoZcss responsc to tc:'porin,- is chocked by mustcnitizinCi
smcmrl 5n211 pieces fron. c~rch eof the hcý'.ts FE, F, ruld G for the sclocto&
1 hoiur n~t 1.65C0 P., 'uornchin1 Clio- , ~tocmtnporin- -t picc fr,,'n. ooach he'lt
Sh~ur -tt cn~ch of those tori.pcrnturos: 900, 1000s 1100, 12000 F. oekwol1IC hr-ýrdeuss "of-surc:-,--onts no~r the,.n taken on each pieccc rnad the h.aromoss

polotted vcrsuri tcnq~rrinG to:?crottlrO for cacl, I c,, By irtcr, cl i a, the.
tec:incrn~tu~ro frr ?Rockh,,ol1 036 is foimed to bo:

F'e"ýt: E F G.
OF..- io4o lo6o io6o

- With such toe-porituros, the likelihoodl of cn.brittlo~mcnt r.t thz-
to:-ocring, tom-nrrtturo oappcars sriall. It, thorefore, seerm. 'Ievis~.%blo to
check the o.nýbrittlmoent occurrin- .(t thlo~rrn oe co70.1ntto
porina tine of 1 hour, nrrthor thonn -%t thc. shorter .tine of -,- hour.* The
to:;p-,or:oturos for 1 hrur to:rpor ccrrcs'-orn-Unt to tho nbovc tocirorturcs for

-hrur tc.;por are, atccoreding3 to Fir.-irc 113:

or.: lo~0 10o4o 10o4o
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CorrospondinC- to;npcrttlroe for 6 rdiatoo to:ipor rarc:

14est I E 7
Or..: 1100 1120 11.20

The A~ inch bare will hn.ve to be cut down to hbout 5/8 inch rounds
or I inch viuares in the process of obtaining Charpy bare, and this might
Nest rw well bo done before hoat trotatmont, iwhon machizdrag is caqior. From
the nlr.-ooolod end tempered. bntr of oti.ch hornt, four 5/S Inch round blniks1ac etr
np~chiincd, ,nuoton~.tizod 1 hour a~t 16500 P., rind wr~tcr- quenched. Two of tho
fnour brn~ks -orn then given n. 1 hour temper nnd two t.',% minuto tamper, r~t
the tomporr.turos just mentionod, -.~nd quenched in wator fromA these tor~por.1'
turcs. Two V-notch Minrpy spocinons nro nachirod. fron rr',ch binnic, tund, -ftcr
hnxdnnse rc-%di.ge nrc tr.kon, ono' is broken nt ..400 while the othor is brokeon
nt roori terrpor~turc. The rosults -'ýroi

Tonnri:ong Room Tc..ip. T2,9t -~40 0 Toot
Tino WUin.) Ft.-Lbs. Yr~t Pock-woll 0 Tt.-Lbo, YFrnct. RnokorcllO0

6c37.2 F 36.0 29.1 F 36.2
36.0 F 36.2 29.,1 F 36.5

637.5 F 30-0 3o.-i P 36.o
36F 36.5 30-' F 36.5

BUAT r,

6o 3ý2 F 35.7 29.7 Ir 35.5
3 6 F 36.2 29,3 F )6.0

6 3)4.3 F 36.2 28.8 F 35.7
36.0 P 35.7 2S.;. F 36.0

L70AT G

4;. 37.5 F *35.7 29.3 7 35.5
39.5 F 35.2 27. 5 P 36.0

6 31.8 F 35.5 32.1 F 35.7
37.2 F 35.7 31.1 F 35.5

The -. 40fl rc~oulto Indic-.tc a. slight cr~ib rittl cnont of Ho.jt G, 2,nd
prob-nblyj ýJsn rf hoit S~, ir. the 1 hour trwfi~tnoat. k-i additional 5/9 inch
binnick Is obt-inod frnn oench n~f those hc~.s, -%uotoaitizod I~ hrur rtt 1650V F.,
w-itcr-cxyonchod, to;rperod J hour, -ji wno-unhd Thc tonporing toni-
pcr-ýturo is 10)4V' P. for hont 3 -aid 106O0 F. for ho,-t G., Tho two Ohnrny
spocimons obt-inod, frori onch blnxnk -trc broken 2ýt -~400 F. with the fe11l6vri:'g
rowilJto
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Heat 't 3::b a, Frapt. Rockwoll 0

30 ).4 P36.5
31.1 r 36.0

G31.5 r 35.7kG30.9 F 36.0

It thus appoar3 that no approciabJlo tcompor brittlcness occurs during the
half-hour tonporing trcatrnents, for a V-notch Charpy teot at -)40 is a vory
vonsitivo toot at tho hardnoss level involvod. It is quostionablc whothor
significarnt coibrittlozucnt, will takeo place on cooling a part made of NE 9840
frnr. the tormporiaeg to:.rpov'aturo, but this is boot dctcmnodnd later on a srui-
1)10 part.

Covy-pýrioon of tho room-tonpcra-tu~rc rusults with Figua'o 77 shows
ILhýt the itrpr'ot or~crgios obtained ,=re about what night be axpected for to:n--

pored nartnoliitic .40 per cent carbon stool at Rockwoll 036.

1 (7M. ExpoiirmontnJ. Pnarto

It ia aot frnund y~ssiblo to obt-1lin emra;~l qumntitios of NE 98140
tubing, of the required. oizc for r.~aicng pilut pr'rta. Howovor, IM 9840 bil-
lets fron which thu p.rts onuld. be hoc-od. out prove to be avaijablo, GeV~-
cral billcts arc obtaiUned fron each of two hcats, ozo high and the othcr
1ov~ in c-ýbofl Paid raloying elorionts, as follows:

H____No,____ qn 0 il S __ Cr N1 No

A142404 H .42 .83 o024 ,019' .31 .x6 1.01 .20
M8513 1 -38 .76 .030 .017 .25 .75 .96 .22

.pcfc-to 39 .70 o040 o040 .20 ,70 .85 .20
Specifcation43 -90 nx x.-35 -. 90 -14l5 ,-30

Ono billct of onch heat is given the tentntively selectod. michin-
ribility trc-Atnont of 1 hour "at 1525` F.,,arcoadtcro or
12250o 1. Brinoll h-.renosacs -,rc then, chocked m-id found to bo 225 for 'lont
H %nd 215 for horat J.

Hea-t J0 ca the basis of its c~jinpositieý., would bco expected to bc
lower in hrd~oa,ýbility than rAy of the 9840 heatse so far tried. In orftor
to find out whothor this hueat is likely to haýVe nuff icient hrardonnbility
to haýrden in tho pa-rt, a Jornin cnd-quonch hrardear'.bility specimon, is macw1
Inod fron the heat J 'ýillot. wi~thi its nidline a'Onut 1-3/4 inches from the
conter*, The spocirman iz ,mstonitizod 1 hour -.t 16500 F. , end-quenached
and a h-trdness survoy ;.v~do, No abrupt 2rop in hrardncss is found up to t/16
inch from the quenched oncO, corrosponc'.inC (Figuro 97) to 2.4 inches ideal

01--37T Inchos' Is the iavor;Ze rp.O.ius ef t~i6 pni'A Fe. hont-troatod.
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round. The hairdenability of heat J, therefore, &,3peoars sufficient.

A, piece from the normalizod-aiad-tornpered billot from each hoalt
is then rough-mnachinod to tho dimonsions of tho parts boforo hoat-troating
(including ro%,.gh-mcachinod throad..), bnt with sov-crca1 inchos cxtrai langth
for toot spocimo~ns. Thi. oxtra lo,.gth is thon out off. Ono small p'3.ooo
is out from tho oxtra 2.ongth of oeaoh Ihozt, givon tho scolctcd. rmstonitizing
tro.~Amont of I. hour a~t 16500 1%, n~nd wr.tor-quanchod. Thcoo picocos r,.rc.. thon
tomporcd 2~hour a~t 10500 r. v~nd Poolcwoll 0 rc-%dinGs tnoko on wc.ch. HoIot H
is found to n~vcr-go' Rock,-iol2. 036.8 irhilo hc:,t J runs P~bout 035.6. A~ccording
to Figu~ro 125, to lowor the hi-.rdnocs of hor.t H by 0.9 Rocluwcll 0 (from 036.8
to thc dosirod. 036,0) tho tc~nporing tomncv~oturQ should bcr r-\isod from 10500
to 10700 F., v'.-Ao to rrniso tho hnidnoss of ho,'.t J by 0.4f -Lociioil 0 tho
tompor!%turo shoitild bo lo-yorod from 10500 to 101400 P.

For aompnirison with tho rco~uto to b,, obt~,-nocl on tho fuid1-sizc
nccti.on, onough piocos A; inch by 3/4f inch (tho virul11 thic~iceý) -.ro cut from
tho oxtrm, longth of or~ch 9.)ru~c 1r'.rt to -p-rovido 2 twisilo an~d 4f Ch!-.r'py ElpOCi-
mcno'r' Thloo picccs ,ro -.uat(;nitizcj. 1 'hour t~t 16500 F., w'.tor-quonchcd,
tomrrjcrod ý- hour, ".nd quonohod in w~tor. To t onpcring toril).roturcý 1- 10700
F. for ho-t H -'IA 101400 .i~. for hc'.t J'. Tan~i1ro rnd V-notch Ch-.rpy spoc~imcfo
r-%ro rir'hinod. fron~ tho h'or~t-trc-.tod -nioc s. Tho Ch,ý'.rpy zjpcoi,,,Oas nro inotchc'd
on tho sido n.ctj,,cont to tho in.-.or cylindrioI.; urf,-%co of tho pr~rt. Tvo of
thc Oho1rrpy orocimcuei fron '-!-ch hc-n.t orc brokoa -,t -~400, the othcr two ,'nd&
both t',iisilo o,,ociranun 2ýt roori tc.-ippor-'.turo. 7x, rcoulto -'r~:?

Yiold Stronzth Tcncilo
0. fet) Stroaah F14 o 1.cd. of

-1Hc' Lbc. I Ct. in-. Lba./o * in., Aron~

14i~6,500 16i,Ifoo 14f.6 514.5
1148g.4oo 162,130 15.1 53.9

I b-20161,800 16.o 56.3
11414,900 160,300 15.14 57~.9

Notch od.-B n

Roorn TcL.p., -..400 Hrns
Her-t Ft.-Lbot Frn~ct* Ft.-Lbs. Frr',ot. Roclcvoll C

H39.5 F 31.1 F 35.7, 36.0
39.2 F 30.14 F 36.2, 35.7

140.3 F 32.6 F 36.2, 36.5
414.6 F 31.5 F 36.P: 3ý.-

Tho tvo co'vplo Tn---rt~ -1.ro -utotiitizod 2. hour -,t 1650 0 F. -nd x-ntor-
q~iczchod in tro cquitor.Ocut %Idl, in tho r~nrto bo us-cd. for prod~uction P,-rtro.

*Tr,-svorso opcciracau would bo, prof:.r".blc but c~nýot bc obtaincc. fron,
n. p-.rt of tho di; .casio:is i:.-volvod.
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Tha hP-*tt H prirt is tomiporod ý hour !%t 10700 F. '1,nd tho ]iort J pr-%rt j hour
".t W1 401, F. For tho production pprt, tr-cirorloing fron tho tcnporing tonpor-

ft ~ rtu~o is nroforrmd to quonchiag, if it dove not introduco tor~por-brittlonoas,if since -. ir-a oling introducca louc roniftn~.1 ctrocace ýnd no lose likolihood.
o f ý' ,intortion on subacquonat rmchianii. Tho s!)r,.plo p,%rts %ro, thoroforo, -tir-
coolod fror- t>.o to~.rporiag tcnpurn~turo.

Mo-icurcionta of thto hcr,ýt-trc!),tod Lrnrts show,ino 3igflificnaft Clio-
tortion durinG hic'-.t tro!,tn~cnto Ea~ch p'.,rt iii thoa noctiono(Il oIiiGtW'O.11nly,
albon(, r% dlirnoter, .-.nd. oio-h,%1f rmiecrootchocX. fýionchintg cr-.cl:a -ro founcl at
tho bý,zo of the thron.Lis in the hartt H pr~rt, but not in tho ho~,t -J 1)2rt.

Fromi tho r'Vic~'ll of the othcr ).,nlf of orxh soctiinoc'. p".)rt, ,.t
aplyroxcirr'toly thc e O1c~h two tonsibo in.~V-'.ý.tch Clr'xpy 10111,It"Iim~a
S'pociniions i~ro ;.vmchinocl. Tho Chspy ociric.-is aro notchod on tho nido -'d-
jraocat to tCio innor cylinc'.ricr.1 surf ".co of tho 1)'.rt, just nas wcro tho Ch-,,,rpy
si xcimmino hzo'--tro7.teQ. -ss Anc1 .os, Twc of tho 01.nrpy Bpoceincna frorn
o,-ch hont cvro tosotd rnt -4+0"" thoe ntic~r two both tc:25i10 opocir.one -%t
roon tc."-)or-ýturo, wit~h tho follcwi-r.f rosult!3;

4,Yi-old Stroncth Tý-~l
(0. IT. Offoet) Ston'mCth rj o"9 od, of
Lbenf so 0 . iao .7 /aq. ir.. .r c a

H )4-1,9 go 6o,500 15.0 55.2
II.424,900 158,700 15.2 55.9

1)42,700 157,~4oo 15.8 5ý6,
1I43,900 159,9100 14t, 7' 55.6

Not chodc-B ir
Roon TcY.I E -,rC.0O ______

HoI'.t Ft.L-r-a7Fr&lct. Ft.-Lbs. Fr-,ct. '&clcwoll C

H 9. 30.0 F 35.5, 35.7
F :30.4 F 35.2, 35.5

423F I1.S F 35.7, 36.2
4o.3 F 32.6 3 355., 35.7

The yiold-tornsilo r-,tioa, rccNctinz13 of ',rot ,', r a~otched-brnr enorGice
founimO in tho full sizo soction ,-.ro as hirh '. thcoo f-unid in the pioces
troritcod in sn.anl zoctioas. Moronvor, tho vrlducsa -ro vithiia thc e~~J
rn.,go for .~40 i~cr cont C~im o~-crif@ý. r..irtcnzitic stc~cl of theo stron.6th
level cbtr~inca (Fijýiiros 56, 59, 60, rx-ft 77). Thuas, thoc hrijec of atc~ol,
the raustciitizinc tro tue,.nt, the quon:,chinc- procodlurc, axnd tho to .porin,ý
t ror~tnoint oreo r,.pyrro.-tly s -Ati ef'ct ~ry, co::cc.1t thý,t quicach-cr-tcjring rerminc
tr, bc olinlnn~told.

(9). Ro,'.dýJust:.ont (-f Desian

Qatc:c!i-cr,-,ckin,-; c-ulC. rar,.oo ccrtninly be ' -rcmeatod by nnachirnen

the hro~,d ony 2tc~ hc~t-rc: -iot. Asit is pref orablc not to c.o this,
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thoso ch.nm-cs in qucnchin.g pr-,ct ico that. c.!,; be r:'L0c without chnigtho,
co.positin -=o invcstif:atcl.. The sirpplost of such chaanges ,,ro i. t crra-,)t-

Sing the crcneh, anm- c~olr'ying h ;nhCcmt c~r~uoo erhap
~ l50~F. ice'i~in,- cr~nnot be r'.elnoyc to r-.ch ln"ie,7r to:;iorntixros bocauso

tepo -rlitic hir~reon-'.biJity of tho stool (ostintc.i al s66icc
ideal roun2. for fl-"r.in)is, obviou~sly in--sufficiont for tho ~a~to
h:%re,.cn in -%ir .Ath rospoct t .o pca~rlito*,

Vie thickncss of the )r.rt wn.ll, as hc.,at-troratc,, ip -•berat 3/14
inch', onad the quenchinCg severity (Týýble II) I~robrably of tie or"Ier o-f 1.5
inch 1l.. Vhus, the ED -iro,-uct is of tho craor of 3/14 x l.-5, tha-t i, of t-0
orK~or of 1., Wita such n relativel;? low RID .1roc2uct, tV whoicprt 1411,

accorclk to aire 90, bc-in to cool c:,neJolybforo ti-o s'irf7=e c:_ers
the mr~vrtc~nsito . range-, vove with qucachinG to :-cr-aturos ris low a~s 12500 'F,
(frationail tc:.-.pjcr:-turos of tho NZ -0 high:, as .(650-60)/(1250-60) -50).
Theroforc, iccorIU!i7, to Chn:,tor VII, riclnyocl qucnchaing cann!_ot oc Cxvccte
tec offer a~rocinblo :.iitI.-atior. of tho quenchinc stresoses

Since tI.e. 1part thick:.ioss is rclaýtivolý,r iunifoýr.,-, intcrru~tc(I qumc1nc
in!-, ul@ scc:m to offer --ro:ine. 'Pie, len,-th of tirne that tho pavrt sh o -. I
Ibe loft ia tho ~cfaci-hinrg t-x~c beofore intcArrur,.tioa boy bestir.ýatea byj eqwntion

(2.~). A itwas oun'. i 4) 3 tlha-t the section is oquivaloat to rýbout
2.0 inchcs idceal roundl rt~her tha-n to tho 2914 inchecs inraicratocl by Pi,ý!ro 93,
thc severity of quench is Lpr-bfbly soncewhart hi-Iher thnthe 1.0 Lnchfl upon
whK.ich Fi,-vurc 93 is basocl. T:.ý.blo I! inc'.icrtoe a scvcr-Ity of the or".cr of 1.5
incxf~- for a. cro- watcr Vacnchi. The -pa,-rt canz be crnrsicterccIt, ýýroxiri-Atlyj
as a -plnte 3/14 inch thickc. The-. average- to:-. -eratWure s-a.Ght lopy b tril.cn as-

S700' r. aOL the., water temucraturo as 600 F'. Using3 equa~tion. (2-2) an' t ho
%Xefilition cf c that follows it;

Hi 15 inch- 1

1) 3/14 inch = .75 inch

a 09 ic 2 /oc*. (Frr~i Ch-'nter V.)

C R(a )41z/.D. 4(.009) (1.5) 1.75 =.072 c.-

U50 - 60 1590

t (ill tr)c =.9091-072 a 12.6 scci7nex.

oftho cylinc'.cr wouVL '.,o oovuivrJont to slir-ltly noro h a3/in-
ýJlrto.Acc'orc.ing- t- Pigaro 9,te1-,tj. fld - tl dI

oquivanlont- to 6,bout 114 inches icc'J. rinoun
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Equar'tion (2,-2) -ande rest imatos the time for mda~rate fll) vralixn
so the tirzo roc'uired. will be p.robably sornmwrhat groator than 12.6 seconds.5 ) Ivon if the oquation and 'the othor Ftpproximkcilors Introduoo an error of
a factor of 2, the timo roui~rod is not ovcer 25 9g,,conds. It is probably
not undor 10 seconds. For roasonablo roproduecibility, tho time In the
quonching me-dIum would hatvo to be controllcd v'rithin pý;rhaps. "0~4 oi
onds in 10 or 5 occonde in 2q. Somo difficulty is nnticipatc'd in ma~in-
taining sebY procces control on a prodluction brtoin vith the manual.ly-.
coortroll od quoncshing equ~ipment nvnln~blo, iand inotnlln'tlon of nutonmr'tic
control eqiipment is not considered vTorthithie. Other possi~bilit~ies for
%.vo idina quonah-cracking nre, thQro-' ro, considorod.

Since the scation to be qucnchod. is loss thnn I Inch thick, it
does not V~poar likely thAt Incrosirig the soverity of quenich will, bir
-uN~ ch2'Ioo, result i.n r', stress d~ist!ibution loss contducive to ercklziag.
Th(;. only romraining typo of quenching pratctice th,-t could )-)oz3ibly bc
unod for roducing cr,.oking writhout close control neid. without chanýgiing the
composition iastotyeppo q,.cnhing in saýlt or lend., Iowovcr, noithcr a

gt, ~salt nor a load pot of tlhor nocces.!ry size is ava-ilrble.

SL'..co ho.-t J. on tho. low i;ido. of tho con-iLositioa r-.igo, aid :,ot
q~uoaich-crack, the possibilityr of lo~n ow-oido heats "ithini the 10
9g]40 rane&;o ,3u.&-c,,3t itaclf, This, is foun:d. not to be, practiocAl. Lowori-ng
the onrbon contentA while .nchor~i:_ to the colocted. aýliny content is acxt
conoidorod, since 'I'M 9937 ran. 13 58.35 no~pcnr on the IT liot. Howcrvar, !%iiy
101.1r'lna; of thc3 c-'rb,-n, orntent %-Ill require a corros-on-dineir lovoring cf
the tcm-pr~rig teompor-tuiro to rbtain t~it roauirod strongth. Such lovecring
of tho u~cL: tQ~Yip.r;,ture, in. the raL; nvolved, vill lovier the con-
tributio4, of~ the .1o:L;b:-Lcnuu to cr:-x adni~ed honco nooossitrto3
Pt)c PActltor.-L Alccrcnrse Li tci-porian- tornporr.turo. Sinco the -prolirYinr'.,rj
tcsto oa hc-;ýj E end G i.r'ýeActod th,-.t th-o ;arCiAn 13 vihich tompcr-britt].e-
iio~va is -,7-iAdoe. in Vic acolcto'l tC-.-cri::;Jr, ton is ~llwrn
thel ca.rbo-n L~ntoit -qpoears :.lieb.

If thc typo of' steel is ce:dthe choice -tist bo linitCC! to
SA3 enad ITR stooel, Stonec U to 6 1".ve inrovlouzly clik.inntod~ all .~40 por
^1e1nt. C",ron stc-ele o:-,c.,.t 234") , Th3rO s ho :, naý Loe o~td
tor_-porr'turos Vthnn. 98)40 a:.so tcul oe even Yr.orci suaoe)tiblo to qur-ch-.

n dkci:dn, wli2iln their cmcnliositions --l:ot sz.to fit Kthen for anxy a-xi
vata;ou~typos 'of qumichin(G 2.rnatico for whiach, 98940 iv. unouiteca.

StCOEl~ with riore th,.-ai .40 pcr ce.t corxbon r'idhraveT lower
tnvv.,:hnesc lit servico -m,! r. C~rrtcr tcz,(iiecy to crack on quaenchi~i,-. TViiAL
only at-n~ rii.;,hT bc th-at conec'ulF. porl'-lrf be h-r~ctnol with ~
cTicnc1, Thus ý-.rorxtly re Xucinc2; tha likelihood of C11:e~rci F;. iCtro
914, bowever, inr'.ic-ýtoo that anx ide(al roundi size of' about 3.9 ilicheIs v.ruid
bo roonuirccl. 11nu of tho SAE or IT -.tools sh~w rroniiso (T,-hlo V) -f~ cig-
cocein(;' this vnlue by n safe for fl-ad~p

If the. ca-rb-n conitcnt wcor lovoroc! (rot-1A*.i-,~ La.rc~oc)
the om,.)y SAE or NE stocls thAt sqor, to hiVo su~fficient '-rdCna.ibilj-ty
(Traco V) -,ro 3135 en.the 9800 sories. rho lattcer haealrondy boor.
ruled ruAt. 314.0 was f-'und to bo insuitab1,. bocpuso of tcnpor-~brittlenocs,
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and 3135, because of i4's lower tempering temperature, would be even worse
in this respe'~t.

Th'e only remaining alternatives a~ppear to be to mask the threads
during quenching, or to machine them after heat-treatment. Masking tdll ap-
preciably reta-rd the heat flow from the masked section. The threaded sec-
tion is as thick as any other on tho part, rnd extends sufficiently fa-r
from the cnd so thatt cooling from tho end will not bc appreciable ovcr much
of it. It does not scorn !tdvisable to reduce the sa'fety ma.rgin on harder.-
aýbility, so aý stool with higher hardenrability wolild havo to be used. S.A3
~43)40 is the only one with any -promise (Stop )4). This differs from 98)40
prim~arily in haýving a higher nickel content. Thc increaso in nickel ixrill
incronso tho snsceptibility to tompcr-brittloncss and will raise the tcDpcr-
ing tompe-rature only vory slightly. The use of .43~40, the~rcfore, scoems like-
ly to introduce temper-brittleness. To establish whether Ymachining- the
thrcad~s after hea~t-treatment wiill eli1minate qucnch-cracking, a seccond piece
from the no rnali zed-and-tempeored billct of heat H is maýchined to the diriaen-
sions in which the patrt is to be heat-treated, but is not threa-ded. This
piece is aa=tcnitizcd 1 hour at 16500 F- a-nd wiatcr-quenchcd in the ostrab-
lichod ma-nner directly to room tonperature. To facilitate detection. of
cracko, the piece is then to.-Mcrcd and sectioned longitudizrilly. One ha~lf
of the sectioned part is riacroetchcd; no c2-k -,rc found.

The choice then resolves to cither machining the threads aýfter
heat-trore~tzcnt or de signing ain interrupted-quench procedure anxd estatblishing
close cozitrols to inoure its maneac.After conSultAtion-- With those re-
sponsible for :-a-chinaing, heat-treatmenct, and proccss control, it is decided
to use a eirect iucnch an;-d rrachiac the threa)ds -%fter hc-at-trea~tnent.

The design for hardening, the~n is ris follows:

Stccl: B~E 9840

Pa-rt I~w.k:Threnas to be 1itachined after hea~t-treatmenot.

Austcnitizin~g: 1 hour at 16500 3,

Cbaench; Cold circula~ting 'water to room tor.ineraýture, p!%rt verti-
ca-l, :,ovod up-and-doiwn. (Dletails of cquipr~icnt, wa-ter
temperaturo, etc., specified.)

Ten-pcr:. - hour at a tcrrper-aturo to give Rocki-ell C36,

Cool. f rom to-jpor; Air.

(9). Service Tests

A heat of :'M 98)40 tubing is obta~ined for zia~fracturo of apilot
lot of prarts. The air-cooling :,nd to,--poring Procedture proposcdl for tho

macinbiltyheat-tre.ttatmnt is found to bc satizsfactory. Check of the
hnrdzieso rftcr air-cooling but prior to tc.-pcring ineicatoa th.-t tho to~n-
por~ig crý:,not be onitted. The lot is used to chock thc proposed ia-chini;nCr
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set-up and. is heat-treated in the selected manner. Checks are made of the
hardness of the heeat-troatod parts, and tonsilo and Charpy spccimec1s are
obtained from a few. Satisfactory rosnitts -,rc obtained in thoes tests.
Thc parts are finished, n-nzd sorvico toots madec on ra number of them. Here
too tho results are svatisfrctozry.

(10). Process an.ýd Product Control

In ostnbliohinp _, roccs- controls, adhoronco to thc chomicalI range
s-occifiod for YE 914.0 should of course be chocc1od. 0ff-.nalysis hcoats 1,:-ý
bo aiccc'tod on a toot b:asis to dotor-mine whecthcr the -pormirciblc r!-ango mny
oafoly býc widened. Assurr'.nco tha-,t the ctool is "inhoerently fino-graiflod"
m-'y be obt.ainod. by anailysis for "ritli"or "~solubloI alU.1inul- (-airuminun
soluble in hydrochloric acid).

It 11--s not boon dofinitoly csta~blishod thaýt all heats f-Iling
within thc choriical limits will h-tvo sufficient ha-rd~on,!rbility. A rcouire-
mont might, thcrefore, be so.t up thait tho stool (aftor the nrolinimnary
trcatmeat of 1 hour at 1525 0 11. 2ýir-coolinCg, -,nd to.-.-cring 1 hour a~t 12250
F.) show no slh'-r.! drop in h-.rd~ncss ~iithin 4/16 inch from the end of a%
Joi.-iny crnd-qucr-ch b,-.r autntzd1 hour ,.t 1 6500 ?,* Hceats falling below
tho spocified lin.rdcir-bility nii-lht be accco,-t-'d on a test ba-Sis onllY. If,
when aý nir-br of prodýuct ion hea-ts h,'.Od lboon.'. tesýted, none wnre f.ýound to f'-'1l
below,. the spocified hardcurability, the,- hnxrdena-bilityr toot could bo olimin-,
ntod.

Ccontrols sh-ýoulc! also bo s-t up tr. insure thrat steel corta~ining
e7:conf;ivc iniclusions or segrog-ation is not used..

The te-ndcncy of the stcol towarrds te i.-,-er-brittloncss can .er 1.?
bo controlled sufficiently 1,..cl1 by~ Chrarpy tosts on the hor--t-trc te& pa~rts,
thnu.u7j tf:sts likecvt'so m'ein Sto-; 6 cculd be used for cen-t. rol.

vh.ck of tho 1-'rclness of tho steel aýfter the cinbithat
t roatnont wo,,uld prob ably provide !suffic iont cc ft rel of this hca-t-t ret-,.atmen

Some cont-rol efthe a-u~stenitizing tc;,.perrturo, ,-nd jicrhapqs a, rnnugh
cantrol rf the ti-ac, vnuld. bo eIibl.Close attc:-ti-r, wou.101 have tfo br

paidC to nadhorone o tio t~ho selected quec.-.ching pro~ce -urc, p.-rticularly to;-.cr-
a-ture nf the wateor, ciret'LIAti-n of the iwater, anc.:oti-r- of tho pa7rt.

Rcf3rec:cQ to. T-,blo VII in~ica-tcs that the charactcristic hrns
my ~ ~ ~ ~ r ber sxetc t a~ 6 Rck ioll C wit'in the prescribedc chcical

li..;ito. since clo"ser c-ontrol of the to..~r res-onsc of the stcoll is n-1t
prractico'l, t~he tc:'.pocring to:--ornturo vyill have to be valriced fro:- hea~t to

*If the "o hal-? cl~re 1'i rc(ýu'iron.cnt is not practicn.1, itu is p silthruph
less clesir-Abl -acta-llurgical.1y, to set x-) n 'eii~nnnm -s
for ~4/16. Figiro 114J indcaictos Roclcvfoll C59 for fully hardened .38 per
cen-t cnarb-n steel. A -Ainwur cf C157 . Aii-ht be, t,' rcf ro, csot up if j 3
tifiocLby the- results (,. hea.ts E to J.
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hont. Control of tho ter.-pring cyclc c-. be obttdnccl by hr'.rcnoss ch,'ocks
on the tor-crcc lto, zl1ccnc by overall chockls tof tho procoss. Such

jo ovornl1 moctalli,.rgiecal chocks wr-uUd coasist of occ!ýsicn,-2 tensile -md Chnrpy
tosts on the hont-tro~toeL stcol.
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